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Abstract 
Changes in the global ocean’s temperature and salinity in the last decades are evidence of the 
Earth’s warming climate. These interior ocean changes are driven by changes in ocean surface 
fluxes of heat, freshwater and momentum. The warming atmosphere induces increased Sea 
Surface Temperature (SST) and amplifies the water cycle (evaporation-minus-precipitation) and 
in turn the Sea Surface Salinity (SSS) pattern. There is strong evidence of significant changes in 
the temperature and salinity fields in the ocean interior, but little is known of the relative 
contribution to these trends from each of the surface forcings. Changing surface winds also 
impact on ocean circulation and penetration of surface properties into the ocean interior. 
However, coincident wind changes that have occurred alongside ocean temperature and salinity 
changes are not well known and available reanalyses that provide our only coherent insight to 
wind changes are sometimes contradictory. Using a global ocean model, changes from each 
independent surface forcing is decomposed in idealized experiments. The results show that to 
reproduce the observed pattern of salinity changes in each major ocean basin using a density 
space coordinate for the analysis, both the SSS pattern amplification and SST increase need to be 
taken into consideration. Changes in SSS are transmitted to the subsurface salinity field mainly 
through subduction while the warming ocean results in migration of isopycnals relative to the 
mean salinity field creating apparent salinity changes in density space. The SSS pattern 
amplification results in a subsurface warming in the ventilated gyres and subpolar regions of 
similar amplitude to that from heat subducted as a result of the increased SST. Warming in the 
subpolar regions is mainly driven by the reduced convective heat loss as a result of the fresher 
and less dense surface water which strengthens vertical stratification. To investigate wind 
changes three different reanalyses datasets are used to compare how imposing the surface 
forcing due to wind changes affect the subsurface properties. Equatorial cooling between 100 
and 300 m across the Pacific and Indian Oceans is consistent across datasets, which is in 
agreement with a reported strengthening of the trade winds. There is a ~0.5 to ~1oC and ~0.1 
PSS-78 changes under the subtropical gyres induced by changes in the surface wind reanalyses 
but the results are not inconsistent with different reanalyses winds and are inconsistent with the 
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available observations. This suggests that there are some inconsistencies in the available wind 
reanalyses which affects the temperature and salinity under the subtropical gyres, where the 
ocean is most sensitive to small changes in wind stress curl. Each of the three surface forcings 
acts linearly together in these idealized experiments to produce most of the observed key 
features of multidecadal subsurface temperature and salinity changes as estimated from a suite 
of independent temperature and salinity analyses. 
 
Acknowledgments 
 
 
Page ix 
 
  
Acknowledgments 
 
I would like to thank the people who gave me assistance and support during my Ph.D. My 
supervisors Dr. Susan Wijffels, Dr. John Church, Dr. Simon Marsland and Prof. Nathan Bindoff 
have been very supportive and gave me valuable insights, guided me and taught me how to 
become a better scientist. You are my inspiration for what I hope to become as a physical 
oceanographer. I would also like to thank Dr. Paul Durack for his highly appreciated help 
throughout my Ph.D. and for providing some useful observational data. 
Of course, I could not have achieved this Ph.D. without the financial help and support from the 
Quantitative Marine Science program at the Institute for Marine and Antarctic Studies. The QMS 
program provides some great opportunity for students. The multi-cultural environment at IMAS 
makes Hobart all the more an amazing place to live. Furthermore, the Centre of Excellence 
provided some great opportunities with their great annual winter school, writing workshop and 
their financial support. 
I would like to extend my thanks to my friends here in Hobart and overseas for their continual 
support in good times and harder times. I have met some wonderful people who, I hope, will stay 
in my life for a long time. I would also like to thank my parents, my brother and my family for 
their understanding of my decisions. My grand-mother in particular, who shares my love for 
nature and water, is an inspiration of strength for the many difficulties she overcame in all 
humility and without looking back. 
 
Table of Contents 
 
 
Page x 
 
  
Table of Contents 
 
Declaration .............................................................................................................................................. i 
Statement of co-authorship .................................................................................................................... ii 
Publications produced as part of this thesis include: ..........................................................................iii 
To be submitted: ................................................................................................................................. iv 
Non-published work:........................................................................................................................... v 
Abstract .......................................................................................................... vii 
Acknowledgments .................................................................................................................................. ix 
List of Figures ........................................................................................................................................ xiii 
List of Tables ......................................................................................................................................... xxi 
Chapter 1 : ...................................................................................................... 1 
Introduction ..................................................................................................... 1 
1.1 Overview ..................................................................................................................................... 2 
1.2 Salinity......................................................................................................................................... 2 
1.2.1 Evaporation - Precipitation.................................................................................................. 4 
1.3 Temperature ............................................................................................................................... 6 
1.4 Winds .......................................................................................................................................... 8 
1.5 Model ........................................................................................................................................ 10 
1.5.1 Grid ................................................................................................................................... 12 
1.5.2 Forcings ............................................................................................................................. 15 
1.5.3 Restoring ........................................................................................................................... 15 
1.6 Experiments .............................................................................................................................. 15 
References ............................................................................................................................................ 18 
Chapter 2 : .................................................................................................... 29 
Simulating the role of surface forcing on observed multidecadal upper ocean 
salinity changes .............................................................................................. 29 
Table of Contents 
 
 
Page xi 
 
  
Abstract ................................................................................................................................................ 31 
2.1 Introduction .............................................................................................................................. 32 
2.2 Methods .................................................................................................................................... 34 
2.3 Results ....................................................................................................................................... 38 
2.3.1 Changes on depth surfaces ............................................................................................... 39 
2.3.2 Water mass changes ......................................................................................................... 40 
2.4 Discussion ................................................................................................................................. 49 
Acknowledgments ................................................................................................................................ 51 
References ............................................................................................................................................ 52 
Tables .................................................................................................................................................... 57 
Figures .................................................................................................................................................. 59 
Chapter 3 : .................................................................................................... 67 
Subsurface temperature response to surface changes in a 50 year idealized 
ocean model simulation ............................................................................... 67 
3.1 Introduction .............................................................................................................................. 70 
3.2 Methods .................................................................................................................................... 71 
3.3 Results ....................................................................................................................................... 73 
3.3.1 Changes in temperature in the ocean interior .................................................................. 74 
3.3.2 Linearity of the temperature experiments ........................................................................ 79 
3.3.3 Regional changes in temperature ..................................................................................... 80 
3.3.4 Changes in heat content.................................................................................................... 81 
3.4 Discussion ................................................................................................................................. 82 
Acknowledgments ................................................................................................................................ 85 
References ............................................................................................................................................ 86 
Figures .................................................................................................................................................. 93 
Chapter 4 : .................................................................................................. 105 
Oceans temperature and salinity response to 50 years changes in wind pattern
 ..................................................................................................................... 105 
Abstract .............................................................................................................................................. 106 
Table of Contents 
 
 
Page xii 
 
  
4.1 Introduction ............................................................................................................................ 107 
4.2 Methods .................................................................................................................................. 107 
4.3 Results ..................................................................................................................................... 112 
4.3.1 Changes in temperature in the ocean interior ................................................................ 113 
4.3.2 Changes in salinity in the ocean interior ......................................................................... 122 
4.3.3 Correlations ..................................................................................................................... 123 
4.3.4 Linearity .......................................................................................................................... 125 
4.4 Discussion ............................................................................................................................... 126 
Acknowledgments .............................................................................................................................. 130 
References .......................................................................................................................................... 131 
Tables .................................................................................................................................................. 136 
Figures ................................................................................................................................................ 140 
Chapter 5 : .................................................................................................. 151 
Conclusion ................................................................................................. 151 
5.1 Linearity .................................................................................................................................. 152 
5.2 Salinity..................................................................................................................................... 153 
5.3 Temperature ........................................................................................................................... 154 
5.4 Winds ...................................................................................................................................... 155 
5.5 Conclusion ............................................................................................................................... 157 
References .......................................................................................................................................... 160 
 
List of Figures 
 
 
Page xiii 
 
  
List of Figures 
 
Figure 1.1. a) Surface salinity trend (PSS-78 per 50 years; Durack and Wijffels, 2010) and b) Mean 
annual evaporation minus precipitation rate (m per year; Josey et al., 1998). In both panels, the 
black contours are the mean salinity field every 0.5 PSS-78. ____________________________ 4 
 
Figure 1.2. Surface temperature change (oC per 50 years) for multiple observational datasets (a 
to e). The black contours are the mean surface temperature every 4oC. Panel f has the zonally 
averaged global temperature change for each dataset (oC per 50 years). _________________ 6 
 
Figure 1.3. Outcrops in 1950 (black lines) and 2000 (white lines). The coloured pattern is the 
mean salinity between 1950 and 2008. (Durack and Wijffels, 2010). _____________________ 7 
 
Figure 1.4. Mean zonal (a) and meridional (b) wind speed at 10 m (m/s) between 1950 and 2008 
as the average of three data reanalysis: ERA-40 (Uppala et al., 2005), Japanese 55-year Reanalysis 
(JRA-55; Kobayashi et al., 2015) and National Oceanic and Atmospheric Administration 20th 
Century Reanalysis (NOAA-20CR; Compo et al., 2011). Positive wind speeds are eastward and 
northward. The black contours are every 2 m/s. _____________________________________ 9 
 
Figure 1.5. Two-dimensional sectional view of the Arakawa B-Grid used in MOM4 and CICE 
(ACCESS-OM). The indices i and j represent the grid cell number within the grid zonally and 
meridionally respectively. The tracers, T, are the salinity, temperature and hydrostatic pressure. 
. The u and v components are respectively the eastward and northward velocities. ________ 12 
 
Figure 1.6. Three-dimensional view of an Arakawa B-Grid cell as used in MOM4 and CICE (ACCESS-
OM). The indicess i, j and k represent the grid cell number within the grid zonally, meridionally 
and vertically respectively. The tracers, T, are the salinity, temperature and hydrostatic pressure. 
The u, v and w components are respectively the eastward, northward and upward velocities. 13 
 
List of Figures 
 
 
Page xiv 
 
  
Figure 1.7. ACCESS-OM tripolar grid every four grid cells in each direction between 80oS and 65oN 
(a) and north of 55oN. The colour scale corresponds to the depth of the deepest cell. The lines 
show the grid every four grid cells in each direction._________________________________ 14 
 
Figure 2.1. Temperature (a, c) and salinity (b, d) changes for a 50 years period. The top row (a, b) 
has the changes imposed in the model and the bottom row (c, d); the observed changes for the 
period 1950-2000. The black contours are the mean field every 3oC and every 0.5 PSS-78 for the 
temperature and salinity respectively. The plots on the right show the global zonally averaged 
temperature (e) and salinity (f) changes from the experiments (solid line) and observations 
(dashed line). _______________________________________________________________ 59 
 
Figure 2.2. Definition of the spatial domain of the Atlantic (blue), Pacific (red) and Indian (green) 
oceans for zonal averaging used in this study. ______________________________________ 60 
 
Figure 2.3. Zonally averaged salinity changes (PSS-78 per 50 years) in the control experiment for 
the Atlantic (left column; a, d), Pacific (central column; b, e) and Indian (right column; c, f) Oceans. 
The top row is in depth space (a, b, c) and the bottom row in density space (d, e, f). The white 
contours are the salinity trend every 0.1 PSS-78. The black contours are the mean salinity every 
0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). The scale is the same as used in subsequent 
plots for comparison. _________________________________________________________ 61 
 
Figure 2.4. Density outcrop at the beginning (black) and at the end (white) for ∆T (a), ∆S (b), ∆T∆S 
(c) and the observations (d). The colour pattern shows the mean salinity field during the 50 year 
experiment (PSS-78). _________________________________________________________ 62 
 
Figure 2.5. Zonally averaged salinity changes (PSS-78 per 50 years) in the Atlantic (a, b, c, d) Pacific 
(e, f, g, h) and Indian (i, j, k, l) Oceans. The columns correspond from left to right to the 
observations, ∆T∆S, ∆T and ∆S. The white contours are the salinity trend every 0.1 PSS-78. The 
List of Figures 
 
 
Page xv 
 
  
black contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines).
___________________________________________________________________________ 63 
 
Figure 2.6. Zonally averaged salinity changes (PSS-78 per 50 years) on neutral density for the sum 
of ∆T and ∆S (a, b, c) and zonally averaged salinity trend on neutral density for the sum of ∆T and 
∆S minus ∆T∆S (d, e, f). The white contours are the salinity trend every 0.1PSS-78. The black 
contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). The 
dotted lines are the levels at which density surfaces are plotted on Figure 8 (24 kg/m3, 25 kg/m3 
and 26.75 kg/m3). ____________________________________________________________ 64 
 
Figure 2.7. Zonally averaged salinity changes (PSS-78 per 50 years) on neutral density in the 
Atlantic (a, b, c, d), Pacific (e, f, g, h) and Indian (i, j, k, l) Oceans. The columns correspond from 
left to right to the observations, ∆T∆S, ∆T and ∆S. The white contours are the salinity trend every 
0.1 PSS-78. The black contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-
78 (thin lines). The dotted lines mark the σ=24 kg/m3, σ= 25 kg/m3 and σ=26.75 kg/m3 which we 
examine in more detail. _______________________________________________________ 65 
 
Figure 2.8. Salinity changes (PSS-78 per 50 years) on neutral density surfaces at 24 kg/m3 (a, b, c, 
d), 25 kg/m3 (e, f, g, h) and 26.75 kg/m3 (i, j, k, l). The columns correspond from left to right to 
the observations, the temperature increase experiment, the salinity pattern increase experiment 
and both increased respectively. The black contours are the mean salinity every 0.5 PSS-78 (thick 
lines) and 0.25 PSS-78 (thin lines). _______________________________________________ 66 
 
Figure 3.1. Temperature (oC ; a, c) and salinity (PSS-78; b, d) changes for a 50 years period. The 
top row (a, b) has the changes imposed in the model and the bottom row (c, d); the observed 
changes for the period 1950-2000. The black contours are the mean field every 3oC and every 0.5 
PSS-78 for the temperature and salinity respectively. The plots on the right show the global 
zonally averaged temperature (e) and salinity (f) changes from the experiments (solid line) and 
observations (dashed line). _____________________________________________________ 93 
List of Figures 
 
 
Page xvi 
 
  
 
Figure 3.2. Zonally averaged potential temperature changes (oC per 50 years) in the control 
experiment for the Atlantic (a, d) Pacific (b, e) and Indian (c, f) Oceans. The scale matches the 
scale use for the results. The black contours are the mean temperature every 4 oC and the white 
contours are the changes every 0.1 oC. ___________________________________________ 94 
 
Figure 3.3. Comparison of the zonally averaged potential temperature changes (oC per 50 years) 
in the Atlantic (a,b,c,d) Pacific (e,f,g,h) and Indian (i,j,k,l) Oceans for the top 2000m for different 
observational datasets. The columns correspond from left to right to the datasets of Durack and 
Wijffels (2010), Ishii and Kimoto (2009), Good et al. (2013), Levitus et al. (2012) and Smith and 
Murphy (2007). The white contours are the temperature trend every 0.5oC. The black contours 
are the mean temperature every 8oC (thick lines) and 4oC (thin lines). __________________ 95 
 
Figure 3.4. Zonally averaged potential temperature changes (oC per 50 years) in the Atlantic 
(a,b,c,d) Pacific (e,f,g,h) and Indian (i,j,k,l) Oceans for the top 2000m of the ocean. The columns 
correspond from left to right to the observations, ΔTΔS, ΔT and ΔS. The white contours are the 
temperature trend every 0.5oC. The black contours are the mean temperature every 8oC (thick 
lines) and 4oC (thin lines). The dashed grey lines are the latitudes selected as the limit for the 
ventilated gyres and the high latitudes as described in the results. _____________________ 96 
 
Figure 3.5. Mean temperature change due to each component of the heat budget for each ocean 
basin between 30oS and 30oN. The paler solid line is the total temperature change from all of the 
components and the darker solid line is the temperature change directly from the model’s 
temperature outputs. _________________________________________________________ 97 
 
Figure 3.6. Total vertical transport change integrated between 30oS and 30oN in the Atlantic (a), 
Pacific (b) and Indian (c) Oceans for each experiment. Positive is defined as upwards and the 
change is defined as the differences between the experiment and the control 50 years trend. The 
List of Figures 
 
 
Page xvii 
 
  
dashed grey line is the mean vertical transport in the control experiment divided by 10 to give an 
indication of the mean transport’s direction._______________________________________ 98 
 
Figure 3.7. Total average temperature change for the Atlantic (a,b,c,d), the Pacific (e,f,g,h) and 
the Indian Ocean (I,j,k). The first column has the average temperature change for all latitudes 
(a,e,i), the second column the latitudes between 47oS and 47oN (b,f,j), the third column for 
latitudes lower than 47oS (c,g,k) and the last column for latitudes higher than 47oN (d,h). ___ 99 
 
Figure 3.8. Mixed layer depth in the Weddell Sea (panels a,b,c), Nordic Seas (panels d,e, f) and 
Irminger Sea (panels g,h,i). For each experiment, the grey dashed line is the MLD at year 1, the 
white dashed line is the 50 years MLD trend added to the year 1 yearly cycle and the solid black 
line is the mean annual cycle. The colours in panels a to i are the mean density at this location. 
The location is chosen where the deepest MLD occurs within the grey box in panels j, k and l, as 
indicated by the magenta dot. The colours in j, k and l are the MLD changed (in meters per 50 
years). ____________________________________________________________________ 100 
 
Figure 3.9. Mean temperature change due to each component of the heat budget in the North 
Pacific Ocean between 30oN and 65oN. The paler solid line is the total temperature change from 
all of the components and the darker solid line is the temperature change directly from the 
model’s temperature outputs. _________________________________________________ 101 
 
Figure 3.10. Zonally averaged temperature changes (oC per 50 years). The top row (a, b, c) is for 
the sum of ΔT and ΔS and the bottom row (d, e, f) for the sum of ΔT and ΔS minus ΔTΔS the scale 
matches the corresponding scale in Figure 4. The white contours are the temperature trend every 
0.5oC (a,b,c) and every 0.1 oC (d,e,f). The black contours are the mean temperature every 8oC 
(thick lines) and 4oC (thin lines). ________________________________________________ 102 
 
List of Figures 
 
 
Page xviii 
 
  
Figure 3.11. Temperature changes (oC per 50 years) at 100m (a,b,c,d), 300m (e,f,g,h) and 500m 
(i,j,k,l). The columns corresponds from left to right to the observations, ΔTΔS, ΔT and ΔS. The 
black contours are the mean temperature every 8oC (thick lines) and 4oC (thin lines). _____ 103 
 
Figure 3.12. Depth integrated heat content (W/m2) for each experiment and observations 
integrated from 0m to 2000m zonally averaged (a) and mapped (b,c,d,e). The black contours are 
the mean heat content every 0.5x1010 W/m2. _____________________________________ 104 
 
Figure 4.1. Zonal wind change (a,c,e,g,i) and meridional wind change at 10 m (b,d,f,h,j) imposed 
at the surface (m/s per 50 years) for each dataset used in the experiments. Panels k and l shows 
the mean COREv2 wind (zonal velocity: panel k and meridional velocity: panel l). The years range 
used to produce the 50 years linear trends are ERA-40: 1958-2003; JRA-55: 1958-2014; NOAA-
20CR: 1950-2008 and CMIP5: 1950-2008. The black contours are the mean field every 2 m/s. 
Panel m shows the zonally averaged wind speed change (m/s per 50 years) for each dataset used 
in the experiments. __________________________________________________________ 140 
 
Figure 4.2. Zonal wind stress change (a,c,e,g,i) and meridional wind stress change (b,d,f,h,j) at 
the surface (N/m2 per 50 years) for each wind experiment. Panels k and l shows the annual mean 
COREv2 wind stress (zonal wind stress: panel k and meridional wind stress: panel l). The black 
contours are the mean field every 0.05 N/m2. Panel m shows the zonally averaged wind stress 
change (N/m2 per 50 years) for each wind experiment. _____________________________ 141 
 
Figure 4.3. Wind stress curl change (a,b,c,d,e) at the surface (107 N/m2 per 50 years) for each 
wind experiment (upper colourbar). Panel f shows the annual mean COREv2 wind stress curl 
(lower colourbar). The black contours are the mean field at 0 N/m2. Panel g shows the zonally 
averaged wind stress curl change (107 N/m2 per 50 years) for each wind experiment. _____ 142 
 
Figure 4.4. Comparison of the zonally averaged potential temperature changes (oC per 50 years) 
in the Atlantic (a,b,c,d,e) Pacific (f,g,h,i,j) and Indian (k,l,m,n,o) Oceans for each wind dataset 
List of Figures 
 
 
Page xix 
 
  
experiment. The columns correspond from left to right to the observations, ∆ERA-40, ∆JRA-55, 
∆NOAA-20CR and ∆CMIP5. The white contours are the temperature trend every 0.5oC. The black 
contours are the mean temperature every 8oC (thick lines) and 4oC (thin lines). __________ 143 
 
Figure 4.5. Comparison of the zonally averaged potential temperature changes (oC per 50 years) 
in the Atlantic (a,b,c,d,e) Pacific (f,g,h,I,j) and Indian (k,l,m,n,o) Oceans. The columns correspond 
from left to right to the observation, the ∆T∆S∆Mean experiment, the sum of ∆CMIP5 and ∆T∆S, 
the ∆MeanTrend experiment and the ∆T∆S experiment. The white contours are the temperature 
trend every 0.5oC. The black contours are the mean temperature every 8oC (thick lines) and 4oC 
(thin lines). ________________________________________________________________ 144 
 
Figure 4.6. Comparison of the meridionally averaged potential temperature changes (oC per 50 
years) between 5oS and 5oN along longitude for the observations (a) and the wind experiments 
(c, e, g, I, k, m and o) The white contours are the temperature trend every 0.5oC. The black 
contours are the mean temperature every 6oC (thick lines) and 2oC (thin lines). Above the 
temperature change of each experiment are the corresponding mean zonal wind stress changes 
(N/m2 per 50 years) (b, d, f, h, j, l and n). _________________________________________ 145 
 
Figure 4.7. Temperature changes (oC per 50 years) at 100m (a,b,c,d,e), 300m (f,g,h,i,j) and 500m 
(k,l,m,n,o). The columns correspond from left to right to the observations, ΔERA-40, ΔJRA-55, 
ΔNOAA-20CR and ΔCMIP5. The black contours are the mean temperature every 8oC (thick lines) 
and 4oC (thin lines). __________________________________________________________ 146 
 
Figure 4.8. Temperature changes (oC per 50 years) at 100m (a,b,c,d,e), 300m (f,g,h,i,j) and 500m 
(k,l,m,n,o). The columns correspond from left to right to the observations, ΔTΔSΔMean, the sum 
of ΔTΔS and ΔCMIP5, ΔMeanTrend and ΔTΔS. The black contours are the mean temperature 
every 8oC (thick lines) and 4oC (thin lines). ________________________________________ 147 
 
List of Figures 
 
 
Page xx 
 
  
Figure 4.9. Comparison of the zonally averaged salinity changes (PSS-78 per 50 years) in the 
Atlantic (a,b,c,d,e) Pacific (f,g,h,i,j) and Indian (k,l,m,n,o) Oceans. The columns correspond from 
left to right to the observations, ∆ERA-40, ∆JRA-55, ∆NOAA-20CR and ∆CMIP5. The white 
contours are the salinity trend every 0.1 PSS-78. The black contours are the mean salinity every 
0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). ________________________________ 148 
 
Figure 4.10. Comparison of the zonally averaged salinity changes (PSS-78 per 50 years) in the 
Atlantic (a,b,c,d,e) Pacific (f,g,h,i,j) and Indian (k,l,m,n,o) Oceans. The columns correspond from 
left to right to the observations, the ∆T∆S∆Mean experiment, the sum of ∆T∆S and ∆CMIP5, the 
∆MeanTrend experiment and the ∆T∆S experiment. The white contours are the salinity trend 
every 0.1 PSS-78. The black contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 
PSS-78 (thin lines). __________________________________________________________ 149 
 
Figure 4.11. Zonally averaged temperature and salinity changes (oC and PSS-78 per 50 years) in 
the Atlantic (a,b,c,d) Pacific (e,f,g,h) and Indian (i,j,k,l) Oceans. The first and third columns are the 
sum of changes in ∆T∆S and ∆MeanTrend and the second and fourth columns are the changes in 
∆T∆S∆Mean minus the sum of changes in ∆T∆S and ∆MeanTrend. The white contours are the 
temperature trend every 0.5 oC and salinity trend every 0.1 PSS-78 for the temperature and 
salinity plots respectively. The black contours in the temperature plots (first and second columns) 
are the mean temperature every 8 oC (thick lines) and every 4 oC (thin lines). The black contours 
in the salinity plots (third and fourth columns) are the mean salinity every 0.5 PSS-78 (thick lines) 
and 0.25 PSS-78 (thin lines). ___________________________________________________ 150 
List of Tables 
 
 
Page xxi 
 
  
List of Tables 
 
Table 1.1. Summary of the surface boundary condition imposed in each idealized experiment.
___________________________________________________________________________ 16 
 
Table 2.1. List of experiment nomenclature and corresponding imposed ocean surface 
conditions. __________________________________________________________________ 57 
 
Table 2.2. Spatial correlation coefficients for zonally averaged salinity change patterns in density 
space (see Figure 2.7). The first column has the correlation between each experiment and 
observations and the second and third column the correlation between each experiment. The 
control experiment has been subtracted prior to calculation in all cases. ________________ 58 
 
Table 4.1. List of models used for the CMIP5 multi-model ensembles wind pattern experiment.
__________________________________________________________________________ 136 
 
Table 4.2. List of experiment nomenclature and corresponding imposed ocean surface 
conditions. _________________________________________________________________ 137 
 
Table 4.3. Correlation coefficients for the zonal temperature changes per ocean basin. ____ 138 
 
Table 4.4. Correlation coefficients for the zonal salinity changes per ocean basin. ________ 139 
  
 
Page 1 
 
  
 
 
 
Chapter 1 : 
 
Introduction 
 
Chapter 1 - Introduction 
 
 
Page 2 
 
  
1.1 Overview 
The oceans have the capacity to influence regional and global climate through variations in global 
and regional energy storage. The ocean has a heat capacity about a thousand times that of the 
atmosphere, allowing it to store and redistribute energy (Levitus et al., 2005). Heat storage in the 
deeper ocean would not be possible without ocean dynamics. Advective and convective 
processes, which are a response to momentum and density gradients imposed at the surface, 
allow ocean surface properties to be carried into the ocean interior. The variations in density 
result from changes in the temperature and salinity fields, which at the surface result from air-
sea interactions. 
In recent decades, changes have been observed simultaneously in the ocean and in the 
atmosphere. In the ocean, changes include increases in temperature and changes to salinity both 
at the surface and ocean interior (e.g. Levitus et al., 2000; Dickson et al., 2002, Curry et al., 2003; 
Boyer et al., 2005; Levitus et al., 2005; Hosoda et al., 2009; Durack and Wijffels, 2010; Helm et 
al., 2010; Skliris et al., 2014). These changes are reflected in the atmospheric boundary 
interaction which has led to an increased ocean heat uptake (Levitus et al., 2000; Ishii et al., 2005; 
Purkey and Johnson, 2010; Kuhlbrodt and Gregory, 2012; Levitus et al., 2012), an amplification 
of the hydrological cycle (Bindoff et al., 2007; Durack and Wijffels, 2010; Helm et al., 2010; Durack 
et al., 2012) and changes to wind patterns (Huang et al., 2006; Seidel et al., 2008). 
1.2 Salinity 
The changes in the Sea Surface Salinity (SSS) depend on the changes in the pattern and intensity 
of evaporation minus precipitation (E-P), terrestrial runoff, horizontal and vertical advection and 
mixing (Curry et al., 2003; Boyer et al., 2005; Hosoda et al., 2009; Schanze et al., 2010; Durack 
and Wijffels, 2010; Yu, 2011). Changes in the salinity directly affect the density and thus the 
stability of ocean structure. A decreased surface salinity increases the stratification and so it 
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requires more energy to mix the surface layer with the denser subsurface water. Alternatively, 
an increased surface salinity leads to greater vertical mixing by increasing the surface density.  
Some regions are particularly sensitive to changes in salinity due to local mixing processes and a 
surface anomaly can be transferred to large areas of the subsurface ocean. For example, the 
subpolar North Atlantic has sites of deep water formation through seasonally driven deep 
convection. The convection is produced when the surface increases in density due to both cooling 
and brine rejection associated with sea-ice formation (Lazier et al., 2002; Yashayaev et al., 2007; 
Dickson et al., 2002). The Southern Ocean also has deep convection, mainly in the Weddell and 
Ross Seas, which is affected by changes in surface salinity (e.g. Marsland and Wolff, 2001; 
Stammer, 2008; de Lavergne et al., 2014; Kjellsson et al., 2015; Morrison et al., 2015). Water 
masses formed in both of these regions spread through large parts of the global oceans. The 
subpolar North Pacific does not have the equivalent processes due to stronger precipitation 
which maintains a stronger stratification that prevents large scale open-ocean convections 
(Warren, 1983; Emile-Geay et al., 2003). 
Durack and Wijffels (2010) evaluated global salinity changes from 1950 to 2008 by combining 
historical profiles and the more recent Argo Program data (Gould et al. 2004). They presented 50 
years linear trends produced with the data from that period. They confirmed the increased 
salinities within the subsurface subtropical gyres and decreased salinities in the Southern Ocean 
(Curry et al., 2003; Boyer et al., 2005; Hosoda et al., 2009; Helm et al., 2010; Skliris et al 2014). 
They also found a freshening of the shallow tropical waters. In the North Atlantic, an 
augmentation of the outflow from the Mediterranean Sea forced an increase in the deep water 
salinity (Potter and Lozier, 2004). In every basin, the surface salinity pattern is increased in 
magnitude and the amplified pattern is subducted to the ocean interior. Durack and Wijffels 
(2010) suggest that the changes in salinity on isopycnals are likely a combination of the subducted 
changes in surface salinity and a poleward migration of outcrops due to a warming atmosphere 
and sea surface temperature (SST). 
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1.2.1 Evaporation - Precipitation 
 
Figure 1.1. a) Surface salinity trend (PSS-78 per 50 years; Durack and Wijffels, 2010) and b) 
Mean annual evaporation minus precipitation rate (m per year; Josey et al., 1998). In both 
panels, the black contours are the mean salinity field every 0.5 PSS-78. 
The long-term climatological mean surface salinity pattern is closely related to the pattern of E-
P (Figure 1.1b; Lagerloef et al., 2010; Durack and Wijffels, 2010. Also, the long-term changes in 
surface salinity have a strong correspondence to the climatological mean E-P field, which has 
been shown in models to strengthen (amplify) with warming (Durack et al., 2012). Schanze et al. 
(2010) highlighted the importance of the hydrological cycle as the main component of the 
freshwater budget in the ocean with an annual mean of about 13 ± 1.3 Sv in evaporation and 
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12.2 ± 1.2 Sv in precipitation. Terrestrial runoff added to meltwater from snow and glacier 
accounts for approximately only 1.25 ± 0.1 Sv. Changes in the E-P pattern could destabilize the 
upper-ocean stratification and lead to changes in salinity in the ocean interior (Skliris et al., 2014). 
The water cycle depends on the exchanges between the atmosphere and the ocean through 
evaporation-precipitation. Approximately 78% of the total rain falls over the ocean and about 
86% of the atmospheric water vapour has been evaporated from the ocean (Baumgartner and 
Reichel, 1975, Adler et al., 2003). Even though estimates of E-P are assessed from the local wind 
speed, temperature and humidity dependence as well as satellite images (Zhang et al., 2007), the 
incomplete E-P data over the ocean poses a challenge in quantifying these fields, especially in a 
time varying point of view. The global evaporation pattern is strongest over the subtropical gyres 
and the western boundary currents and weaker at higher latitudes and around the equator 
(Schanze et al., 2010). The pattern of time averaged precipitation rate has higher precipitation in 
the western boundary currents, the higher latitudes and around the equator, but weaker 
precipitation in the subtropical gyres. 
The atmosphere’s capacity to hold water vapour is approximately exponentially dependent on 
temperature according to the Clausius-Clapeyron relation, that is, for a 1oC increase in 
temperature, the air can hold a corresponding 7% increased water vapour (Schmitt, 2009). Thus, 
assuming unchanged physics, the evaporative component of the water cycle is expected to 
increase. The SST has increased by ~0.5oC over the past 50 years, which suggests an 
approximately 4% increase in the global water cycle (Trenberth et al., 2007, Durack et al., 2012). 
However, the corresponding change to SSS has amplified by about 8% (Curry et al., 2003; Boyer 
et al., 2005; Hosoda et al., 2009; Helm et al., 2010; Skliris et al., 2014; Durack et al., 2012). This 
amplified SSS pattern drives the observed changes in salinity in the ocean interior (Durack and 
Wijffels, 2010). 
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1.3 Temperature 
The mean global ocean surface temperature has increased by around 0.5oC per 50 years over the 
past decades (Figure 1.2; Ishii et al., 2005; Rayner et al., 2006; Smith and Murphy, 2007; Solomon 
et al., 2007, Ishii and Kimoto, 2009; Durack and Wijffels, 2010; Levitus et al., 2012; Good et al., 
2013). The SST increase is more pronounced in the North Atlantic and lesser in the Southern 
Ocean (Figure 1.2a; Marshall et al., 2014). However, the observed warming in the Southern Ocean 
is likely underestimated due to the sparse observations (Gille, 2002; Gouretski and Koltermann, 
2007; Durack et al., 2014), the mean surface temperature change is significantly smaller south of 
55oS (Figure 1.2b). 
 
Figure 1.2. Surface temperature change (oC per 50 years) for multiple observational datasets (a 
to e). The black contours are the mean surface temperature every 4oC. Panel f has the zonally 
averaged global temperature change for each dataset (oC per 50 years). 
The surface density is lower closer to the equator, where the surface temperature is higher, and 
increases towards the poles. This increase in SST has reduced the surface density and as a result 
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the broad-scale long-term warming of the global ocean has therefore led to a general poleward 
migration of isopycnals. The lateral shifts in certain regions are estimated to be at the scale of 50 
to 100 km over a 50 years period (Durack and Wijffels, 2010) (Figure 1.3). 
 
Figure 1.3. Outcrops in 1950 (black lines) and 2000 (white lines). The coloured pattern is the 
mean salinity between 1950 and 2008. (Durack and Wijffels, 2010).  
The increased surface temperature is transmitted to the ocean interior through subduction, 
convection, advection and mixing and increases the ocean heat content (Meehl et al., 2011; 
Balmaseda et al., 2013). It also impacts both the circulation by affecting local density gradients 
and sea level by increasing the steric height (Church et al., 2004; Domingues et al., 2008, Levitus 
et al., 2012). Levitus et al. (2000) showed that the volume mean warming of the world’s ocean 
heat content from the mid 1950s to mid 1990s represents approximately a 0.06oC temperature 
increase. The upper 75 m of ocean warmed at a rate of 0.11oC per decade between 1971 and 
2010 (Rhein et al., 2013). The oceans are estimated to contribute 93% of the increase to the 
Earth’s heat content between 1971 and 2010 (Rhein et al., 2013). Most of the heat is stored in 
the upper 700 m of the ocean with a larger increase in the Atlantic Ocean (Levitus et al., 2005). 
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This warming of the upper layers of the oceans is global and roughly similar in each basin at 
equivalent latitudes. Exceptions include cooling in the South Pacific, due to local decadal 
variations (Barnett et al., 2005). In the North Atlantic Deep Water cooling is observed after the 
renewal of deep convection post 1970s (Dickson et al., 2002). Finally, the South Indian Ocean has 
some subsurface cooling due to variations in the Indonesian Throughflow (ITF) and wind patterns 
(Alory et al., 2007; Schwarzkopf and Böning, 2011). 
1.4 Winds 
The atmospheric winds are driven by radiative forces. The surface zonal wind speed over the 
ocean comprises the trade winds in the equatorial and subtropical regions and the westerlies at 
high latitude (Figure 1.4a). The surface wind transfers its kinetic energy into both kinetic and 
potential energy to the ocean surface (Wunsch and Ferrari, 2004). The force applied on the 
surface of the ocean depends quadratically on the atmospheric surface wind speed (Zhai et al., 
2013): 
𝜏 = 𝜌𝑎𝑐𝑑|𝑈10 − 𝑢0|(𝑈10 − 𝑢0) 
Where τ is the surface wind stress, ρa is the sea level air density, cd is a drag coefficient, u0 is the 
surface velocity of the ocean and U10 is the wind velocity at 10 m. The surface wind stress affects 
the ocean mixing and circulation in the Ekman layer (Wunsch and Ferrari, 2004). 
The Southern Ocean and equatorial region are sensitive to changes in the wind field (Wunsch, 
1998; Meredith et al., 2012; Lai et al., 2015). Over the Southern Ocean, the westerlies have the 
strongest wind speed and drives the Antarctic Circumpolar Circulation (ACC). The ACC is the 
biggest current in terms of volume and allows a connection between all of the main ocean basins. 
The westerlies over the ACC drive Ekman transport northward which results in Ekman pumping 
at the convergence of the Southern Hemisphere gyres which cools the northern edge of the 
Southern Ocean. The steep isopycnals at the junction of the ACC and the Southern Hemisphere 
gyres also drive eddy diffusion which warms the Southern Ocean. The ACC is the main driver of 
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the ocean dynamics of this region, which explains the importance of the wind stress in the 
Southern Ocean (Figure 1.4).  
At the equator the Hadley atmospheric circulation converge at the surface, where the southward 
meridional surface wind velocity in the Northern Hemisphere meets the northward meridional 
surface wind velocity in the Southern Hemisphere (Figure 1.4b). At low latitudes, the trade winds 
drive the westward equatorial circulation. The trade winds drive meridional Ekman transport at 
the surface of the ocean. The Ekman transport changes sign at the equator due to the change of 
hemisphere which change the sign of the Coriolis parameter. This change of sign induces a 
divergence at the equator which drives equatorial upwelling in the ocean. 
 
Figure 1.4. Mean zonal (a) and meridional (b) wind speed at 10 m (m/s) between 1950 and 2008 
as the average of three data reanalysis: ERA-40 (Uppala et al., 2005), Japanese 55-year 
Reanalysis (JRA-55; Kobayashi et al., 2015) and National Oceanic and Atmospheric 
Administration 20th Century Reanalysis (NOAA-20CR; Compo et al., 2011). Positive wind speeds 
are eastward and northward. The black contours are every 2 m/s. 
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The wind pattern has changed in the past decades, however, due to sparse and limited 
observations there are uncertainties in the exact nature of these changes (Wu et al., 2005; 
Krueger et al., 2013). Data reanalyses point to a strengthening of the westerlies at high latitudes 
and a possible poleward shift (Swart and Fyfe, 2012). There is also evidence of an increased to 
the trade winds over the tropical Pacific (Merrifield, 2011). Additionally, there are signs of a 
poleward extension of the Hadley circulation (Wu et al., 2012). 
The effect of wind stress on the ocean circulation and dynamics is well studied and understood. 
However, because of the sparse wind observations, the nature of the changes in the wind field 
and its effect on the ocean circulation and mixing is still not fully understood. The strengthened 
westerlies over the Southern Ocean might drive an increase in eddy diffusivity leading to an 
increased poleward heat flux (Meredith and Hogg, 2006; Fyfe et al., 2007; Hogg et al., 2008). 
Additionally, Merrifield (2011) suggests that increased trade winds in the equatorial Pacific drive 
a sea level height increase on the western side of the Pacific. 
1.5 Model 
For this study, a model is used to decompose the impact of multidecadal trends of each surface 
forcing individually, and together. This decomposition aims to identify the contribution of surface 
warming, salinity pattern amplification and wind pattern change to the observed changes in 
temperature and salinity in the ocean interior. The model used for this study is the Australian 
Community Climate and Earth System Simulator Ocean Model (ACCESS-OM; Bi et al., 2013). It 
combines the Modular Ocean Model version 4.1 (MOM4p1; Griffies, 2009), data atmospheric 
model (MATM) and Los Alamos National Laboratory Sea Ice Model version 4.1 (CICE4.1; Hunke 
and Lipscomb, 2010). The OASIS3 coupler controls the information exchange between these 
submodels (Valcke, 2006). The Coordinated Ocean-ice Reference Experiments version 2 (COREv2; 
Large and Yeager, 2004; 2009) atmospheric forcing dataset is applied to MOM4p1 through the 
MATM submodel. 
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The version of ACCESS-OM used here follows the same physical parameterisations as Bi et al. 
(2013; Table 1) with two exceptions: the explicit convection and the near-equator reduction of 
vertical diffusion. The advection of tracers uses the multi-dimensional flux limited scheme for 
conservative temperature, salinity, and age tracers (Sweby 1984, Hundsdorfer and Trompert 
1994). The horizontal friction uses Smagorinsky isotropic biharmonic friction as formulated by 
Griffies and Hallberg (2000). Convection is implicit using vertical diffusivity following Killworth et 
al. (1991). The background vertical mixing in the deep ocean is 1 m2/s2. In the upper ocean, the 
vertical mixing follows the Large et al. (1994) k-parametrisation profile (KPP) mixed layer scheme. 
The neutral physics are parameterised following the scheme described by Gent and McWilliams 
(1990) in which the diffusion is relaxed by bringing neutral directions toward surfaces of constant 
generalized vertical coordinate rather than constant geopotential surfaces with baroclinic closure 
of the thickness diffusivity (Ferrari et al. 2010). The isoneutral diffusivity has a background value 
of 600 m2/s2 following Redi (1982). The parameterisation for tidal mixing in the abyssal ocean 
follows Simmons et al. (2004) and the parameterization of barotropic coastal tidal dissipation 
according to Lee et al. (2006). The shelf waters overflow at high latitudes are parameterised using 
the sigma transport scheme of Beckmann and Doescher (1997) with the downslope mixing 
scheme from Griffies (2009). 
The model was spun-up for 500 years with normal year COREv2 forcing which provided a 
relatively state for the commencement of the experiments. Like most similar models, ocean 
adjustment continues after the completion of the spin-up in the deep water masses (Griffies et 
al., 2009; Bi et al., 2013). To account for this ongoing drift, a control experiment is subtracted 
from each other experiment in all data presented. 
Bi et al. (2013) did a thorough evaluation of the ACCESS-OM model performance. The ocean 
circulation and temperature and salinity fields in ACCESS-OM are realistic (Bi et al., 2013). 
However, some water masses ventilated at high latitudes do not penetrate as far equatorward 
as observed and the ITF is not well resolved, which is common for z-grid models (Sloyan and 
Kamenkovitch, 2007). Additionally, the main thermocline is too deep and thick, but, the wind-
driven subduction and subtropical and equatorial circulation system are overall well simulated. 
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The Atlantic Meridional Overturning Circulation and the Pacific equatorial circulation are closed 
to observations. The Antarctic Circumpolar Current is too strong, but is within the range of 
simulated with other CORE models (Bi et al., 2013). 
1.5.1 Grid 
The ocean and ice models, MOM4 and CICE, are both structured with Arakawa B-grids (Arakawa 
and Lamb, 1977; Figure 1.5 and Figure 1.6). This spatial discretization defines the location of the 
horizontal velocity components at the northeast corner of each cell, half distance between the 
centre of two adjacent cells. The vertical velocity is at the centre of the bottom face of each cell. 
The tracers, salinity, temperature, density and hydrostatic pressure, are diagnosed at the centre 
of a cell. 
 
Figure 1.5. Two-dimensional sectional view of the Arakawa B-Grid used in MOM4 and CICE 
(ACCESS-OM). The indices i and j represent the grid cell number within the grid zonally and 
meridionally respectively. The tracers, T, are the salinity, temperature and hydrostatic 
pressure. The u and v components are respectively the eastward and northward velocities. 
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In the ocean model, MOM4, the equations of state are discretised on a fixed curvilinear grid. The 
discretization nature of the grid generates differences with the physics of reality. Griffies et al. 
(2000) summarized the strengths and weaknesses of an Arakawa B-grid for an ocean model. This 
grid type simulates well the gravity waves and geostrophic currents at coarser resolution. B-grids 
are also superior for boundary currents, fronts and Rossby waves. However, in consideration to 
smaller-scale processes and finer resolution models, B-grids are not an ideal choice. Generally, 
B-grids are preferred for coarse resolution models for their superiority in resolving flows at these 
resolutions. In ACCESS-OM, the Arakawa B-grid model is an appropriate choice for the resolution. 
 
Figure 1.6. Three-dimensional view of an Arakawa B-Grid cell as used in MOM4 and CICE 
(ACCESS-OM). The indices i, j and k represent the grid cell number within the grid zonally, 
meridionally and vertically respectively. The tracers, T, are the salinity, temperature and 
hydrostatic pressure. The u, v and w components are respectively the eastward, northward 
and upward velocities. 
The grid is a tripolar grid to avoid discontinuities at the North Pole (Murray, 1996) (Figure 1.7). 
This grid follows the geographical coordinates between 78oS and 65oN. The grid is not defined 
over the interior continent of Antarctica. In the Arctic Ocean, north of 65oN, two poles are 
selected over land masses. The grid over the Arctic Ocean joins these two poles without the 
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discontinuity of a pole within the ocean limits. The grid has a 1o resolution in the zonal direction. 
In the meridional direction, the resolution varies from ¼o at 78oS to 1o at 30oS and refines to ⅓o 
between 10oS and 10oN. 
In the vertical direction, there are 50 levels between 0 and 6000 m. The thickness of the levels 
varies from finer near the surface, where smaller scale processes occur, to thicker at depth. The 
variations in the topography are approximated through a partial cell method which has been 
shown to improve a model’s ocean simulation (Adcroft et al., 1997, Myers and Deacu, 2004). The 
partial cell method keeps the cell rectangular, but allows the deeper cell to vary in thickness 
according to the local bathymetry. 
 
Figure 1.7. ACCESS-OM tripolar grid every four grid cells in each direction between 80oS and 
65oN (a) and north of 55oN. The coloumodellr scale corresponds to the depth of the deepest 
cell. The lines show the grid every four grid cells in each direction. 
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1.5.2 Forcings 
The COREv2 normal year dataset from Large and Yeager (2004) is used in MATM. This dataset 
acts as a substitute for a complete atmospheric model integrated to an ocean only or ocean-ice 
model. It prescribes the atmospheric boundary conditions over both the ocean and sea ice. 
The COREv2 forcing is on a spherical grid of 192 longitudinal points by 94 latitudinal points. Due 
to timestep differences, the field is applied to the model with temporal interpolation. The 
COREv2 precipitation field varies monthly, the shortwave and longwave radiation daily; and 
temperature, humidity, zonal velocity, meridional velocity and sea level pressure six-hourly. 
1.5.3 Restoring 
The salinity restoring is applied at the surface of the ocean through virtual salt flux. A virtual salt 
flux is a modelling strategy used for rigid-lid approximation of the ocean, i.e. fixed volume. The 
surface salinity is corrected to the restoring condition by this virtual salt flux. The freshwater 
fluxes at the surface are input by locally changing the surface salinity rather than imposing a 
volume flux of freshwater. This technique can be summarized as a parameterization of salt flux 
locally input or output at the surface of the ocean. This technique induces only small errors (Yin 
et al., 2010) and can be considered as a valid approximation. In our experiments, we also use 
temperature restoring at the surface to impose a virtual heat flux. The virtual heat flux damps 
the SST towards a restoring field. 
1.6 Experiments 
The aim of this project is to decompose the role of each surface boundary flux on the ocean into 
the spatio-temporal subsurface changes. A set of idealized experiments that impose individual 
anomalies at the surface boundary, in accordance with observed changes over a 50 years period. 
The anomalies correspond to an enhanced surface boundary condition while other fluxes are 
kept annually constant. The subsurface trends in salinity and temperature induced by the 
changes in each of these surface conditions are then assessed. 
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Table 1.1. Summary of the surface boundary condition imposed in each idealized experiment. 
Experiment name Temperature 
uniform increase (oC) 
Salinity pattern 
amplification (%) 
Wind change 
Control 0 0 - 
∆T 0.5 0 - 
∆S 0 8 - 
∆T∆S 0.5 8 - 
∆ERA-40 0 0 ERA-40 
∆JRA-55 0 0 JRA-55 
∆NOAA-20CR 0 0 NOAA-20CR 
∆CMIP5 0 0 CMIP5 
∆MeanTrend 0 0 MeanTrend 
∆T∆S∆MeanTrend 0.5 8 MeanTrend 
The surface temperature increase, salinity pattern amplification and wind change are applied 
individually and together (Table 1.1). A period of 50 years will be the main focus to enable 
comparisons with the 50 years trends observations of salinity and temperature from 1950 to 
2008 compiled by Durack and Wijffels (2010). The temperature is linearly increased by 0.5oC 
between 55oS and 60oN, which compares well with the observed mean surface temperature 
increase for the same time period. The observed sea surface temperature has warmed north of 
60oN (Figure 1.2). However, because of the experimental setup through surface restoring 
increasing linearly throughout the year, increasing the sea surface temperature north of 60oN 
would warm the ocean surface under the sea ice, which is unrealistic. In order to avoid this 
problem, we impose no warming at high latitudes and concentrate the study mainly to the 
ventilated gyres area. The sharp change in temperature at the edge of our warming domain 
creates a gradually amplifying sharp gradient at the surface. However, within the limits of the 
change in temperature we impose (0.5oC after 50 years), this gradient dissipates locally in the 
upper ~100 m. 
The salinity pattern is amplified by 8% which reflects the hydrological cycle amplification (E-P) for 
that time period. The 8% amplification of the global mean surface salinity pattern has been 
evaluated by Durack et al. (2012) for a 50 years trend during the period 1950 to 2000. We apply 
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the 8% amplification by linearly amplifying the difference with the mean salinity over the intra-
annual monthly cycle. 
Finally, wind speed changes from three data reanalyses are tested; ERA-40 (Uppala et al., 2005), 
JRA-55 (Japanese 55-year Reanalysis; Kobayashi et al., 2015) and NOAA-20CR (National Oceanic 
and Atmospheric Administration 20th Century Reanalysis; Compo et al., 2011) along with the wind 
speed trends in the CMIP5 historical multi-model ensemble (Taylor et al., 2012). The wind change 
experiments impose the 50 years trends per grid cell from each of these datasets. An additional 
wind trend dataset is created from the average of the trends from all three reanalyses 
(MeanTrend). The wind trends are imposed in a linear change over the COREv2 normal year intra-
annual field to avoid discontinuity from the spin-up. Two additional experiments where surface 
temperature changes and surface salinity pattern amplification are applied together with fixed 
wind and with MeanTrend wind change are also performed to identify how these changes act 
together. 
Changes in temperature and salinity are imposed through a strong 6 hourly surface restoring in 
a thickness of 10 m. In the experiments with no imposed trend in either temperature or salinity, 
a fixed interannual field is restored at the surface. For the fixed annual fields, we take the surface 
temperature and salinity of the last year of the spin-up. In experiments with no changes in the 
wind field, the winds are kept constant with the COREv2 normal year forcing. 
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Abstract 
Climate change is impacting the ocean’s subsurface temperature field. To understand the origin 
of the trend in the subsurface temperature field in relation to the surface, we decompose the 
surface salinity and temperature changes in a global ocean climate model. We performed 
experiments with changes in only the surface temperature, only the surface salinity pattern 
(inferred evaporation minus precipitation changes), and both of these changes together. The 
changes were imposed as a linear change over 50 years. These experiments are designed as 
idealized representations of the 50 years trend in the observed surface temperature and salinity 
changes. We compare the resulting evolution in the temperature field in the ocean interior with 
observations. This qualitative comparison of the pattern of changes shows that surface 
temperature increase and salinity pattern amplification are complementary in inducing the 
observed subsurface changes in temperature. Both of the changes in surface conditions create 
circulation and penetration changes that modify the subsurface temperature field and heat 
content. These results extend our understanding on mechanisms responsible for changes in the 
ocean interior water mass subsurface properties in response to climate change. 
 
 
 
 
 
Keywords: Oceanography, temperature, ocean heat content, global change, ocean modelling, 
climate change 
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3.1 Introduction 
Climate change is impacting the ocean surface temperature and salinity (Levitus et al., 2005; Ishii 
et al., 2006; Durack and Wijffels, 2010; Durack et al., 2012; Rhein et al., 2013). Atmospheric 
warming induces an increase in surface temperature and an amplification of the hydrological 
cycle, which affects the surface salinity (Allen and Ingram, 2002; Held and Soden, 2006; Wentz et 
al., 2007; Durack et al., 2012, Rhein et al., 2013). The intensified hydrological cycle (evaporation 
minus precipitation) is related to an amplification of the surface salinity pattern (Schmitt, 1995; 
Solomon et al., 2007; Helm et al., 2010; Durack and Wijffels, 2010; Durack et al., 2012). The 
changes in sea surface temperature and salinity act together in altering the temperature field 
within the ocean (Gregory, 2000; Banks and Gregory, 2006; Kuhlbrodt et al., 2015). However, the 
specific role of each surface component in driving temperature change patterns is not fully 
understood. Ocean heat uptake impacts the rate of global warming and the steric expansion 
drives a large portion of sea level rise and its regional patterns (Domingues et al., 2008; Vermeer 
and Rahmstorf, 2009; Meehl et al., 2011). Therefore, the mechanisms that drive the patterns in 
temperature and heat content are important to understanding present and future trends in 
climate change.  
Over the past 50 years the surface ocean has warmed, largely in the tropics and subtropics, by 
about 0.5C, and the surface salinity pattern has amplified by 8%. Both effects are believed to be 
related to the increase in Greenhouse Gases (Rhein et al., 2013). A key question is how these 
surface changes are related to subsurface patterns of warming and salinity change, and what 
processes control this. 
Rates of penetration of heat into the ocean interior vary across the oceans (Huang et al., 2002; 
Gille, 2008; Levitus et al., 2009; Lyman et al., 2010; Purkey and Johnson, 2010; Kouketsu et al., 
2011). Changes in the circulation can redistribute the heat content in the global oceans (Dickson 
et al., 2002; Xie et al., 2010; Kuhlbrodt and Gregory, 2012). Recent studies have shown that ocean 
surface warming is stronger in the tropics and subtropics and stronger near the surface at depth 
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(Cane et al., 1997; Rayner et al., 2006; Xie et al., 2010; Levitus et al., 2012). In the tropics and 
subtropics, the subsurface temperature increase is likely carried by flow along isopycnal surfaces 
from outcrops in actively subducting regions (Spall et al., 2000; Levitus et al., 2005; Levitus et al., 
2012). At the higher latitudes, the mechanisms for the observed temperature changes 
throughout the water column are less understood (Rhein et al., 2013). To date, the independent 
contributions of surface temperature and salinity changes on the specific distribution of the 
subsurface temperature trends have not been described. Attributing temperature changes in the 
subsurface ocean to changing surface properties would help understand the mechanisms that 
drive trends in the ocean’s interior temperature field. 
We use a global ocean and sea ice model to isolate the role of changes in surface temperature 
and salinity to the observed subsurface trends in temperature and heat content patterns. Our 
experiments are idealized representations of the 50 years surface warming and salinity pattern 
amplification based on observed changes over the past few decades (Ishii et al., 2005; Rayner et 
al., 2006; Solomon et al., 2007; Helm et al., 2010; Durack and Wijffels, 2010). 
3.2 Methods 
In order to diagnose the links between the increasing surface temperature and surface salinity 
pattern amplification along with the subsurface changes, we use the Australian Community 
Climate and Earth System Simulator Ocean Model (ACCESS-OM; Bi et al., 2013). ACCESS-OM is a 
global ocean and sea ice model that comprises the NOAA/GFDL Modular Ocean Model version 
4.1 (MOM4p1; (Griffies, 2009), the Los Alamos National Laboratory Sea Ice Model version 4.1 
(CICE; Hunke and Lipscomb, 2010), and the OASIS3 (Valke, 2006) coupling code. The simulations 
are forced with the Coordinated Ocean-ice Reference Experiments version 2 dataset (COREv2; 
Large and Yeager, 2004; 2009). The 500 years spin-up follows the protocols of the Normal Year 
Forcing CORE experiment as described by Griffies et al. (2009). 
Three experiments were performed in addition to a control experiment. One experiment (∆T) 
restores the surface temperature to the mean annual cycle but with an additional linear increase 
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that leads to a 0.5oC warming at 50 years. The temperature increase is uniform between 55oS 
and 60oN whilst the surface salinity is restored to the seasonal cycle in the last year of the spin-
up (Figure 3.1a). A second experiment (∆S) restores the surface salinity to the mean seasonal 
cycle but with a linear amplification of the mean salinity pattern by 8% over 50 years and with 
fixed seasonal cycle of surface temperature from the last year of the spin-up (Figure 3.1b). These 
experiments are consistent with observed changes in the surface fields over the past 50 years 
(Figure 3.1) (Rayner et al., 2003; Ishii et al., 2005; Rayner et al., 2006; Durack and Wijffels, 2010; 
Durack et al., 2012). The third experiment (∆T∆S) increases the temperature as in ∆T and 
amplifies the salinity pattern as in ∆S together. The control experiment restores both the 
temperature and salinity to the fixed seasonal fields from the last year of the spin-up. The 
temperature and salinity are restored 6 hourly at the surface and all other forcings are kept 
constant with the normal year COREv2 forcing. These experiments are described in detail in Lago 
et al. (2016). The changes in surface temperature and salinity in the experiments, being idealized, 
vary regionally from the observational changes (Figure 3.1 c and d), although they have 
comparable changes when considered as a global average (Figure 3.1 e and f). A notable 
difference is stronger freshening of the subpolar and polar regions than observed (Figure 3.1 b 
and d). 
The temperature drift in the control run is minimal compared to the changes in our experiments 
in the top 2000 m (Figure 3.2 a, b and c). From 2000 m to the bottom, there is a significant 
negative temperature trend in the control experiment of ~-0.2oC (Figure 3.2 d, e and f). This is 
common in global ocean model simulations under the CORE Normal Year Forcing (Griffies, 2009; 
Bi et al., 2013). We restrict this study to the top 2000 m of the ocean where the drift is minimal 
and we subtract the drift from the control experiment from all the results presented in order to 
isolate the impact of the idealized changes at the surface. 
The results of our idealized experiments are compared to the observed linear temperature 
changes analysed by Durack and Wijffels (2010) for the top 2000 m from observations acquired 
between 1950 and 2008. On zonal basin average, the amplitude and pattern of their diagnosed 
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trends compare well with other published temperature analyses (Figure 3.3), despite being only 
based on hydrographic casts and Argo profiles, where other analyses use eXpendable 
Bathythermograph data (which require fall rate and temperature bias corrections; Abraham et 
al., 2013; Cheng et al., 2015). Most differences are minor and are mainly found in the Southern 
Hemisphere, where available data are very sparse. The overall patterns of subsurface 
temperature changes are quite robust across studies. 
This is the second paper in a series of three analysing subsurface ocean changes. For this paper, 
we focus on the changes in temperature in the ocean interior due to surface temperature 
increase and surface salinity pattern amplification. The first paper (Lago et al., 2016) investigated 
the salinity changes in the ocean interior with increased surface temperature and amplified 
surface salinity pattern. The third paper will concentrate on the impact of changes in wind 
patterns to the temperature and salinity in the ocean interior. 
3.3 Results 
Many of the observed features of temperature increase in the ocean interior are reproduced with 
our simple idealized experiments (Figure 3.4). Some of the key observed patterns of temperature 
changes in each ocean (Figure 3.4 a, e and i) are present in the combined experiment, ∆T∆S 
(Figure 3.4 b, f and j). Notably the heating pattern found in the subtropics and tropics, where 
there is a build up in the ventilated subtropical gyres (marked by the isotherm bowls in each 
hemisphere) and penetrating into the tropics. There is also a distinct shallow warming between 
100 m and 500 m around Antarctica that is also reproduced in ∆T∆S, and a warming of the 
subpolar gyres of both the North Atlantic and North Pacific. As found for the salinity changes in 
these experiments (Lago et al., 2016), the pattern of trends in ∆T∆S are a combination of the 
results of the single forced ∆T changes in temperature (Figure 3.4 c, g and k) and ∆S (Figure 3.4 
d, h and l) experiments, giving insight into the surface to interior links. 
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3.3.1 Changes in temperature in the ocean interior 
We separate the subsurface warming into two distinct regions that highlight the different 
mechanisms that drive subsurface warming. We defined the ventilated gyres to be from the 
surface to 2000 m and between 47oS and 47oN. This region is highlighted by grey dashed lines in 
Figure 3.4. The ventilated gyres involve the subduction of surface changes to the ocean interior 
via downwelling along isopycnals (generally equatorward). The higher latitudes are defined as 
poleward from 47oS and 47oN and are where the deeper ocean can upwell (as in the Southern 
Hemisphere) or be ventilated via deep convection associated with North Atlantic Deep Water 
production in the far north Atlantic and Antarctic Bottom Water production around the Antarctic 
Continent. Thus at these higher latitudes surface anomalies can impact the deeper ocean through 
these subpolar regional connections. The limit defined at 47oN in the Northern Hemisphere 
roughly separates the subtropical gyres from the subpolar gyres and the 47oS limit in the 
Southern Hemisphere separates roughly the Southern Ocean from the main gyres. Here, we 
concentrate on the top 2000 m to allow comparison with the observed temperature changes. 
3.3.1.1 VENTILATED GYRES (47oS to 47oN) 
In the ventilated gyres, the temperature changes above 500 m are dominated by the subduction 
of the surface temperature increase in ∆T (Figure 3.4 between the grey dashed lines) producing 
a surface intensified warming reflecting the faster overturn in the near equatorial and shallow 
part of the gyre, versus the slow ventilation rates of the mode and intermediate waters found in 
the deeper and colder parts of the gyres. However, the ∆S experiment features a surprising and 
significant warming between 100 m and 2000 m which also contributes to ∆T∆S particularly 
below 200 m (Figure 3.4 b, d, f, h, j and l). 
In order to understand the mechanisms that drives the warming in the ocean interior of the 
ventilated gyres in ∆S; we decomposed the components that contribute to the heat convergence. 
We separated the heat convergence for the vertical components into advection, diffusion and 
shortwave warming and horizontally into advection and diffusion. The perturbation heat budget 
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for the model was calculated for each component per grid cell as the sum of the directional 
inward and outward heat flux. The integrated heat fluxes for each time step gives the total heat 
content change per heating mechanism, which we convert to an equivalent temperature change. 
The outputs are monthly which does not allow for the budget to close, so an extra term was 
added as the difference between the heat content change in the grid cell and the sum of the heat 
convergence from all the heating components at each time step. The total temperature changes 
from the heat budget are the sum of all the components including the residuals. The top 250m 
of the oceans was omitted because the variability within the monthly output, the residual term, 
leads the budget. 
Based on our heat budget, the warming in ∆S is due to changes in the vertical advection of heat 
in the Atlantic and Pacific (Figure 3.5 c and f) and a combination of vertically and horizontally 
advected heat in the Indian Ocean (Figure 3.5c). This is consistent with a subsurface warming due 
reduced upwelling in low latitudes described by Gregory (2000) and Banks and Gregory (2006) in 
a coupled model with an increase atmospheric CO2. The upwelling in the low latitudes cools the 
ocean and by reducing this cooling effect, it creates a positive temperature change. In ∆S the 
upwards vertical transport under 500 m is reduced by ~1.2 Sv/50yrs in the Atlantic (Figure 3.6a), 
~0.7 Sv/50yrs in the Pacific (Figure 3.6b) and ~0.4 Sv/50yrs in the Indian Ocean (Figure 3.6c). The 
upwelling is weakened the most in the Atlantic, which is corresponds with the stronger warming 
in ∆S (Figure 3.6a). Gregory (2000) described how upwelling through the thermocline is reduced 
in low latitudes as a consequence of reduced convection in the higher latitudes and thus a 
weakening of the thermohaline circulation. With the increased CO2, their model responded with 
an increase in precipitation in the high latitudes, which increased near surface stratification which 
in turn reduces the convection. The reduced surface salinity in the high latitudes in ∆S has a 
similar effect. It increases the stratification which reduces the convection (Figure 3.7) and thus 
the upwelling in the lower latitudes (Figure 3.6). 
Some zones of cooling in the Pacific and Indian Oceans between 100 m and 700 m are not 
reproduced with ∆T∆S. These cooling zones are likely driven by changes within the atmospheric 
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wind forcing (Fyfe, 2006; Schwarzkopf and Böning, 2011), as our experiments do not change the 
winds, these cooling regions are not simulated. Other than these cooling regions and the cooling 
in the North Atlantic below 1000 m, the general key features of the observed temperature 
changes across each ocean are reproduced simply with our combined idealized experiment, 
∆T∆S. 
The observations show cooling in the South Pacific and South Indian Oceans between 500 m and 
2000 m (Figure 3.3 e and i). Corresponding cooling regions are found in ∆T∆S, which comes from 
∆T in the Indian and a combination of ∆T and ∆S in the Pacific (Figure 3.3 f, g, h, j, k and l). These 
suggest changes in the interaction between the Antarctic Circumpolar Current (ACC) and the 
South Pacific and South Indian Oceans. 
The North Atlantic cools between 1000 m to 2000 m in ∆T but warms in ∆S and ∆T∆S. These 
changes are linked to changes in the convection at high latitudes, so the dynamics will be 
discussed in the next section. 
In the ventilated gyres, the mean temperature change profile with ∆T∆S in the Atlantic Ocean is 
comparable to the observations, although it warms less at the surface (Figure 3.7a). The warming 
in the top 100 m of the Atlantic in ∆T∆S is solely produced through ∆T whilst the subsurface 
warming in ∆S is required to keep the gradually reduced warming between 100 m and 1000 m. 
Deeper than 1000 m, the warming profile in ∆T∆S is almost entirely attributable to ∆S. 
In the Pacific and Indian Oceans, the temperature change profile is overestimated at mid-depth 
by all of our experiments (Figure 3.7 b and c). The steep decline in warming between 100 m and 
1000 m is mainly associated with the cancelling effect of the observed regions of cooling 
alongside the edge of the South Indian and South Pacific subtropical gyres. It is likely that these 
features are wind-driven (Alory et al., 2007; Figure 3.4 e and i) and thus not reproduced in our 
idealized experiments. Deeper than 1000 m, ∆T produces a more accurate temperature change 
profile. 
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In the ventilated gyres, in all ocean basins, the warming is too large compared to the observations 
in ∆T∆S (Figure 3.7 b and c). In the Atlantic Ocean, ∆S is necessary to produce an ocean warming 
in ∆T∆S that is closer to the observed than in ∆T (Figure 3.7a and b), with the exception to the 
cooling in the North Atlantic between 1000 m and 2000 m which is linked to the dynamics at high 
latitudes. 
3.3.1.2 HIGH LATITUDES (SOUTH OF 47oS AND NORTH OF 47oN) 
There is consistent warming with ∆S in the subpolar regions between 100 m and 2000 m in each 
ocean, except for the North Atlantic (Figure 3.4 d, h and l). The North Atlantic has a different 
dynamic than the North Pacific due to the deep convection occurring at high latitudes. 
Cooling in the subpolar North Atlantic in corresponds to an increase in North Atlantic Deep Water 
(NADW) formation (Figure 3.4a) (Dickson et al., 1996; Dickson et al., 2002). This cooling is not 
reproduced in ∆T∆S, although this cooling is visible in ∆T and cancelled out from warming in ∆S 
(Figure 3.4 b, c and d). The NADW cooled during the period of the observations due to increases 
of deep convection in the 1990s and 2000s (Dickson et al., 1996; Lazier et al., 2002; Dickson et 
al., 2002; Yashayaev et al., 2007). We do not warm the ocean surface at latitudes north of 60oN. 
Therefore, the convection in the Irminger Sea (south of Iceland) and Nordic Sea (north of Iceland, 
and Europe) still occur in ∆T and are enhanced. The deep convection in these sites enhances due 
to the increased surface temperature gradient between the subtropics and the subpolar gyre. 
There is evidence of a correlation between the meridional steric height gradient and the 
overturning circulation in the North Atlantic (Dickson et al., 1996; Thorpe et al., 2001; Straneo, 
2006; Hurrell and Deser, 2010). Because we increase the temperature difference in ∆T, it would 
thus favour stronger convection. With ∆S the surface salinity decreases in the regions of deep 
convection (Figure 3.1b), which reduces the production of NADW due to an increase in buoyancy 
and stratification (Dickson et al., 1996; Curry and McCartney, 2001; Häkkinen and Rhines, 2004). 
As deep convection decreases, the NADW becomes warmer because of isopycnal mixing with the 
surrounding warmer water (Lazier et al., 2002; Yashayaev et al. 2007). In ∆T∆S the NADW warms, 
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which is in contradiction with the observations. We freshen the surface subpolar North Atlantic 
more than is observed (Figure 3.1 a and d), so the cooling with ∆T is overly compensated by ∆S. 
The Southern Ocean around the Antarctic near 100-200 m warms with ∆S, which also occurs in 
∆T∆S (Figure 3.4). The warming produced in ∆S is stronger than observed, but comparable in 
pattern. It corresponds with a reduced convection in the Weddell Sea due to the increased 
surface buoyancy from the fresher surface waters in ∆S (Figure 3.8 a, b and c). It is worth 
mentioning that although there is some depth variability in the Weddell Sea convection in the 
model, in the control experiment the convection varies by a maximum linear trend over 50 years 
of ~130 m/50yrs and minimum of ~-180 m/50yrs. In comparison, the ∆S experiment has changed 
by a minimum linear trend of ~-1400 m/50yrs, which is ~8 times more than the long term 
variability in the control experiment. Similar effects of changes in the freshwater balance at high-
latitudes on oceanic convection have previously been shown by, e.g., Marsland and Wolff (2001). 
The convection in the Weddell Sea cools the Southern Ocean near the continent and by reducing 
this cooling effect in ∆S, it produces a net positive temperature trend. 
The warming within the ACC, between ~50oS and ~55oS in ∆T∆S is produced through ∆T and most 
pronounced where the meridional density gradient is highest, between the Southern Ocean and 
the subtropical gyre (Figure 3.4). The surface temperature increase is subducted to the interior 
at the convergence zone. The produced warming in ∆T∆S is weaker in the Atlantic, but stronger 
in the Pacific and Indian. The observed data are very sparse in time and space in the Southern 
Ocean and the different analyses show a range of amplitude in warming (Figure 3.3). None of the 
observational analyses shows a warming in the ACC as strong as in ∆T∆S in the Pacific and Indian 
Oceans. However, Durack et al. (2014) suggest that observations of temperature changes in the 
Southern Ocean likely have a bias to smaller changes. 
In ∆T∆S, there is an increased temperature in the subpolar North Pacific which is only produced 
in ∆S (Figure 3.4 f and h). Our perturbation heat budget shows that this is driven by increased 
horizontal heat advection (Figure 3.9 a and c). The advected heat originates from increase 
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transport between the subtropical and subpolar gyres. There is observed warming between 47oN 
and 60oN, although not as strong as in ∆T∆S (Figure 3.4 e and f). 
The high latitudes mean temperature profile with ∆T∆S in each ocean is warmer than observed 
as previously mentioned (Figure 3.7 d, e, f). However, ∆T∆S accurately reproduces the observed 
subsurface maxima at about 300 m in each ocean. The surface warming is solely reproduced by 
∆T, whilst the subsurface warming between 100 m and 500 m in the Atlantic (Figure 3.7 a, b, c 
and d) and between 100 m and about 1200 m in the Pacific and Indian Oceans (Figure 3.7 e, f, g, 
h, i, j and k) is produced through a combination of ∆T and ∆S. The deeper warming is produced 
solely through the changes in surface salinity in ∆S. The observations show a cooling in the deeper 
high latitudes North Atlantic (Figure 3.7d). This comes from cooling by increased production of 
the NADW as previously discussed. 
3.3.2 Linearity of the temperature experiments 
The temperature changes in the ocean interior from ∆T and ∆S individually sum mostly linearly 
to produce the changes in ∆T∆S (Figure 3.10). The difference between the sum of the effect of 
surface temperature and salinity and ∆T∆S in the Pacific and Indian Ocean is surprisingly 
negligible with root mean square of the residuals ~4% that of the sum ∆T+∆S. The sum ∆T+∆S has 
a correlation of ~ 0.997 with the ∆T∆S experiment. In the Atlantic, there are some non-linear 
effects on the temperature changes in the subpolar regions, however these are still small effects 
with root mean square of 12% compared to the total changes in the sum ∆T+∆S or a correlation 
of 0.98 between ∆T+∆S and ∆T∆S. In the subpolar regions, decreased convection in ∆S is opposed 
to an increase in convection in ∆T (Figure 3.8), except for the Labrador Sea (not shown). These 
regions of changes in convection are where these non-linear effects are strongest, but are still 
small compared to the total changes in temperature. 
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3.3.3 Regional changes in temperature 
At 100 m, changes in temperature in ∆T∆S are led by ∆T through subduction of the surface 
warming (Figure 3.11 a, b, c and d). One exception is for the Southern Ocean south of 55oS, where 
our ∆T experiment has no surface warming and the interior ocean warming is contributed by ∆S. 
Regions of cooling in the Pacific and Indian Ocean are not reproduced in ∆T∆S, these are likely 
wind-driven changes. 
At 300 m, the warming is stronger at the edge of the ventilated gyres in ∆T∆S and ∆T, where the 
outcropping isopycnals penetrate to around this depth (Figure 3.11 e, f, g and h). In ∆S, there is 
an increased northward temperature advection in the North Pacific between the subtropical and 
subpolar gyres which drives the subpolar warming in ∆S as previously discussed (Figure 3.4h and 
Figure 3.9c). On the other hand, the North Pacific subtropical gyre is cooling in ∆S (Figure 3.11h), 
which is negated on the western side by the warming in ∆T (Figure 3.11g). Both this cooling and 
warming are induced by vertical temperature advection (Figure 3.9 b and c). The resulting pattern 
in ∆T∆S is consistent with the observed stronger warming on the western side of the subtropical 
gyre. 
In the Southern Ocean at 300 m, the interior warms faster than the global mean (Figure 3.11 e, 
f, g and h). Just north of the ACC, the warming comes uniquely from ∆T. The surface temperature 
increase is subducted to depth at the convergence zone. We do not impose surface warming 
south of 55oS with ∆T, which is approximately where the warming in depth stops with this 
experiment. Within the Southern Ocean, the warming in ∆T∆S is only produced in ∆S due to 
reduced convection (Figure 3.8 a, b and c). The warming produced is more than observed as 
previously discussed. 
At 1000 m, the observed warming is reproduced remarkably well in ∆T∆S, through a combination 
of ∆S and ∆T (Figure 3.11 i, j, k and l). The observed warming in the Atlantic, Southern Ocean and 
North Indian are all reproduced primarily by ∆S. There is an observed zone of cooling in the North 
Atlantic, which originates from increased convection in ∆T north of where we imposed surface 
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warming as discussed earlier. The observed cooling in the South Indian and western South Pacific 
are reproduced with ∆T. 
There is overall stronger warming at 1000 m in the Atlantic, than in the Pacific and Indian Oceans 
(Figure 3.11) both in the observations and ∆T∆S. The warming is stronger in the subtropical North 
Atlantic, where ∆S leads the temperature increase and is where the salinity is increased the most 
(Figure 3.11 h and l). In ∆T∆S, however, part of the stronger warming in the North Atlantic 
subtropical gyre with ∆S is negated by cooling in ∆T. The dynamics of this cooling was explained 
in the previous section. 
3.3.4 Changes in heat content 
The patterns of changes in heat content integrated between the surface and 2000 m with ∆T∆S 
are consistent with the observations (Figure 3.12 b and c), though the totals are overestimated 
(Figure 3.12a). There is a stronger increase in heat content in the Atlantic and Southern Ocean, 
than in the Pacific and Indian Ocean (Figure 3.12 b and c). There are observed reductions in ocean 
heat content in the Pacific and Indian Oceans that is not reproduced in ∆T∆S which is likely due 
to wind driven features as mentioned earlier. 
Both ∆T and ∆S have total heat content change in the upper 2000 m that are individually close to 
the total observed of ~2.0x1023 J/50 years; in ∆T the total heat content increased by ~1.9x1023 
J/50 years and in ∆S by ~2.0x1023 J/50 years. When combined in ∆T∆S, the total heat content 
change in the top 2000 m is almost double the observed with ~3.9x1023 J/50 years. However, 
Durack et al. (2014) suggest that the changes in ocean heat content is likely underestimated in 
the Southern Hemisphere where data are sparse. They evaluated that the Durack and Wijffels 
(2010) dataset, which we used for our comparison, is globally underestimated by around 38% for 
the changes in heat content in the upper 700 m. This increase applied to the upper 700 m of our 
observed heat content change leads to a trend of ~2.6x1023 J/50 years, which would suggest our 
∆T∆S experiment warms the ocean 1.5 times the total observed. Furthermore, ∆T and ∆S are 
each respectively 74% and 76% the total observed warming. The difference between the total 
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heat content increase in ∆T∆S and the observed change would be at least partially countered by 
the cooling effect of changes in the wind pattern in the Pacific and Indian Ocean. 
The asymmetry of heat content change between the Atlantic and the other oceans is accurately 
reproduced in ∆S. This is due to the reduced cooling effect from upwelling, which is reflected by 
the reduced vertical advection as previously discussed (Figure 3.6a). Even though the upwelling 
is reduced in the other oceans, the effect is stronger in the Atlantic. 
The global zonal average of heat content change is overestimated with ∆T∆S (Figure 3.12a). The 
overestimated warming in our experiments might be induced by an excessive diffusivity in 
ACCESS-OM. Additionally, the wind-driven cooling in the Pacific and Indian Ocean at around 40oN 
and 10oS to 40oS are not reproduced in these simplistic experiments which hinder the zonal 
average heat content change in ∆T∆S. The biggest difference with the observations is in the ACC. 
The regional patterns of heat content change are similar to the observations with ∆T∆S and ∆S in 
the ACC (Figure 3.12 b, c and d), but the increase is overestimated. Although, the observed 
warming in the Southern Ocean has likely a bias low, so it is hard to say whether the heat content 
increase in our experiment is realistic, however, it does lie within the range of estimated 
adjustments proposed by Durack et al. (2014). 
3.4 Discussion 
Key features of the observed changes in temperature in the ocean interior over the past 50 years 
are reproduced through a combination of surface temperature increase and, more surprisingly, 
surface salinity pattern amplification. In the ventilated gyres (47S - 47N), the surface 
temperature increase in ∆T is transferred to the interior through subduction, producing a surface 
intensified warming across the ventilated volume. In ∆T∆S, this adds to an increase in 
temperature in ∆S due to a decrease of the cooling effect of upwelling cold water from below. 
The warming effects in ∆T and ∆S are combined in ∆T∆S to produce a change in temperature 
larger to that observed below 100 m for which ∆S starts to contribute to the total temperature 
changes. The excess heat is likely due to excessive heat diffusivity in ACCESS-OM which enhances 
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the warming effect from both ∆T and ∆S and the absence of the cooling effect from changes in 
the wind patterns in these experiments. 
In the Southern Ocean, the warming in ∆T∆S is mainly produced through ∆S and has a pattern 
that is consistent with the observations, but with larger amplitude. It is also possible that due to 
the lack of observations, the warming in the Southern Hemisphere might be underestimated. 
Durack et al. (2014) estimated that warming of the Southern Hemisphere is underestimated by 
89% in the Durack and Wijffels (2010) temperature observational data we use for comparison. 
This adjustment makes the comparison of the warming in ∆T∆S closer to the observations, but 
still overestimated. The Southern Ocean warms in ∆S due to a reduction of the cooling effect 
from weaker deep convection. The decreased surface salinity increases the stratification and 
hinders the convection (c.f. Marsland and Wolff, 2001). 
There is also significant warming induced in the subpolar North Pacific with ∆S. In ∆S, there is 
more heat advected between the subtropical and subpolar gyres. The Kuroshio Current is too 
strong in ACCESS-OM (Bi et al., 2013). The amplification of the surface salinity pattern is likely 
amplifying this bias. The warming in ∆S is added to warming in ∆T in the combined ∆T∆S 
experiment, which produces an increased temperature that exceeds the observed warming. 
The changes in temperature in the ocean interior with ∆T and ∆S sum mainly linearly to produce 
the result of the full dual forced experiment ∆T∆S. Non-linear effects are mostly found in the 
subpolar regions of the Atlantic, but remain small with differences of about 12% the amplitude 
of the total temperature changes. The effect of temperature and salinity on the penetration of 
heat through changes in convection, diffusion, mixing and advection are complex and sensitive 
to small differences, but still act linearly upon the pattern of temperature change in these 
experiments. 
The total change in heat content in the ocean is nearly double the observations in the ∆T∆S 
experiment. The changes in surface temperature and salinity pattern taken individually induce a 
total change in heat content that is 96% and 99% that of the observed total respectively. 
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However, Durack et al. (2014) suggests that the Durack and Wijffels (2010) observed heat content 
increase is globally 38% underestimated in the top 700 m. With this adjustment, the total heat 
content change in ∆T∆S is 1.5 times the total observed warming, ∆T and ∆S individually are 74% 
and 76% the total observed warming respectively. The overestimated change in heat content is 
at least partially due to the absence of the wind-driven cooling in the Pacific and Indian Ocean in 
our experiments and the excessive heat diffusivity in our model. However, even if the total 
warming is overestimated, our experiments suggest that the dynamical changes induced by the 
amplification of the surface salinity pattern have an impact on the heat content in the ocean that 
is comparable in amplitude to that induced by surface warming. 
The interior warming in the ventilated gyres induced by the amplified surface salinity pattern 
added to the warming due to the subducted surface warming together reproduce the observed 
subsurface temperature increase maxima. Additionally, the warming at high latitudes is 
reproduced through a combination of ∆T and ∆S in the Northern Hemisphere and solely through 
∆S in the Southern Ocean. However, our experimental design does not impose any surface 
warming south of 55oS, which explains the absence of temperature changes induced with ∆T in 
the Southern Ocean. The observed temperature changes suggest that there is little overall 
warming at the surface in the Southern Ocean. However, the available data are sparse and thus 
biased which hinders the interpretation of the results with ∆T in the Southern Ocean. In our 
experiments, the changes in temperature in the ocean interior are a combination of the effect of 
the amplification of the surface salinity pattern and the increased surface temperature. This point 
to the important role surface salinity changes has on the temperature changes in the ocean 
interior. Both the surface warming and the surface salinity pattern amplification are acting 
linearly together to induce temperature changes of similar amplitude. 
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Figures 
 
Figure 3.1. Temperature (oC; a, c) and salinity (PSS-78; b, d) changes for a 50 years period. The top row (a, b) has the changes imposed 
in the model and the bottom row (c, d); the observed changes for the period 1950-2000. The black contours are the mean field 
every 3oC and every 0.5 PSS-78 for the temperature and salinity respectively. The plots on the right show the global zonally averaged 
temperature (e) and salinity (f) changes from the experiments (solid line) and observations (dashed line). 
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Figure 3.2. Zonally averaged potential temperature changes (oC per 50 years) in the control experiment for the Atlantic (a, d) Pacific 
(b, e) and Indian (c, f) Oceans. The scale matches the scale use for the results. The black contours are the mean temperature every 
4oC and the white contours are the changes every 0.1oC. 
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Figure 3.3. Comparison of the zonally averaged potential temperature changes (oC per 50 years) in the Atlantic (a,b,c,d) Pacific 
(e,f,g,h) and Indian (i,j,k,l) Oceans for the top 2000m for different observational datasets. The columns correspond from left to right 
to the datasets of Durack and Wijffels (2010), Ishii and Kimoto (2009), Good et al. (2013), Levitus et al. (2012) and Smith and Murphy 
(2007). The white contours are the temperature trend every 0.5oC. The black contours are the mean temperature every 8oC (thick 
lines) and 4oC (thin lines). 
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Figure 3.4. Zonally averaged potential temperature changes (oC per 50 years) in the Atlantic (a,b,c,d) Pacific (e,f,g,h) and Indian 
(i,j,k,l) Oceans for the top 2000m of the ocean. The columns correspond from left to right to the observations, ΔTΔS, ΔT and ΔS. The 
white contours are the temperature trend every 0.5oC. The black contours are the mean temperature every 8oC (thick lines) and 
4oC (thin lines). The dashed grey lines are the latitudes selected as the limit for the ventilated gyres and the high latitudes as 
described in the results.  
Chapter 3 – Subsurface temperature response to surface changes in a 50 years idealized ocean model simulation  
 
 
Page 97 
 
  
 
Figure 3.5. Mean temperature change due to each component of the heat budget for each ocean basin between 30oS and 30oN. The 
paler solid line is the total temperature change from all of the components and the darker solid line is the temperature change 
directly from the model’s temperature outputs. 
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Figure 3.6. Total vertical transport change integrated between 30oS and 30oN in the Atlantic (a), Pacific (b) and Indian (c) Oceans for 
each experiment. Positive is defined as upwards and the change is defined as the differences between the experiment and the 
control 50 years trend. The dashed grey line is the mean vertical transport in the control experiment divided by 10 to give an 
indication of the mean transport’s direction.
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Figure 3.7. Total average temperature change for the Atlantic (a,b,c,d), the Pacific (e,f,g,h) and the Indian Ocean (I,j,k). The first 
column has the average temperature change for all latitudes (a,e,i), the second column the latitudes between 47oS and 47oN (b,f,j), 
the third column for latitudes lower than 47oS (c,g,k) and the last column for latitudes higher than 47oN (d,h). 
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Figure 3.8. Mixed layer depth in the Weddell Sea (panels a,b,c), Nordic Seas (panels d,e,f) and Irminger Sea (panels g,h,i). For each 
experiment, the grey dashed line is the MLD at year 1, the white dashed line is the 50 years MLD trend added to the year 1 yearly 
cycle and the solid black line is the mean annual cycle. The colours in panels a to i are the mean density at this location in kg/m3. 
The location is chosen where the deepest MLD occurs within the grey box in panels j, k and l, as indicated by the magenta dot. The 
colours in j, k and l are the MLD changed (in meters per 50 years). 
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Figure 3.9. Mean temperature change due to each component of the heat budget in the North Pacific Ocean between 30oN and 
65oN. The paler solid line is the total temperature change from all of the components and the darker solid line is the temperature 
change directly from the model’s temperature outputs. 
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Figure 3.10. Zonally averaged temperature changes (oC per 50 years). The top row (a, b, c) is for the sum of ΔT and ΔS and the 
bottom row (d, e, f) for the sum of ΔT and ΔS minus ΔTΔS the scale matches the corresponding scale in Figure 4. The white contours 
are the temperature trend every 0.5oC (a,b,c) and every 0.1oC (d,e,f). The black contours are the mean temperature every 8oC (thick 
lines) and 4oC (thin lines). 
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Figure 3.11. Temperature changes (oC per 50 years) at 100 m (a,b,c,d), 300 m (e,f,g,h) and 500 m (i,j,k,l). The columns correspond 
from left to right to the observations, ΔTΔS, ΔT and ΔS. The black contours are the mean temperature every 8oC (thick lines) and 
4oC (thin lines). 
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Figure 3.12. Depth integrated heat content (W/m2) for each experiment and observations integrated from 0 m to 2000 m zonally 
averaged (a) and mapped (b,c,d,e). The black contours are the mean heat content every 0.5x1010 W/m2. 
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Abstract 
Climate change has impacted the atmospheric and oceanic properties over the last decades. An 
increased air temperature and amplified hydrological cycle were coincident to changes in the 
atmospheric circulation. These changes drove trends in the ocean’s surface temperature, salinity 
and momentum which impacts the penetration changes in the properties at the surface. A series 
of idealized experiments in a global ocean model are set to test the changes in the ocean interior 
induced from changes in the surface conditions. An idealized representation of the observed 
trends at sea surface temperature and salinity are implemented at the surface of the ocean with 
fixed and changing winds. The 50 years wind changes are taken as linear trends from three wind 
reanalyses datasets (ERA-40, JRA-55 and NOAA-20CR) and the mean of all three of these datasets. 
Additionally, a 50 years wind trend from the CMIP5 multi-model ensemble is tested. The long-
term wind trends from the wind reanalyses datasets recreate the observed equatorial cooling 
and warming trends in the ocean interior. However, in the mid-latitudes strong changes in 
temperature and salinity are induced through the effect of changes in the wind stress curl which 
are unrealistic. With the CMIP5 multi-model ensemble, the temperature and salinity changes are 
more realistic in the tropical and subtropical regions than when using the wind data reanalyses. 
The results suggest that the temperature trends in the equatorial region are driven by the 
strengthening of the trade winds shown in the wind data reanalysis. Outside of the equatorial 
regions, the wind stress curl from these reanalyses induces inaccurate patterns of temperature 
and salinity changes whilst the wind changes in CMIP5 render more realistic patterns. Finally, the 
Southern Ocean warms with a strengthening of the westerlies in the wind data reanalyses, but 
does not warm with the strengthened westerlies in CMIP5 which is not sufficient to increase the 
eddy diffusion that leads to warming of the Southern Ocean. 
 
 
Keywords: Wind stress, ocean modelling, temperature, salinity, CMIP5, wind reanalysis 
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4.1 Introduction 
Changes in the momentum flux (wind stress), temperature and salinity at the ocean surface 
control changes in physical properties in the ocean interior. In the previous chapters the role of 
surface temperature and salinity in reproducing the observed changes in subsurface salinity and 
temperature were investigated. In this chapter the effect of changes in wind speed and pattern 
on the variability in the ocean interior are examined. Winds have been changing in the last 
decades and these changes reflect on the patterns of changes in ocean temperature and salinity 
(Xue et al., 2010; Hakkinen et al., 2011; Merrifield, 2011; Swart and Fyfe, 2012, Wu et al., 2012, 
Balmaseda et al., 2013; England et al., 2014; Lai et al., 2015). There are uncertainties as to the 
exact nature of the changes in the wind field (Vecchi et al., 2006; Gravensen et al., 2007). 
However, there is evidence that the westerly wind has strengthened over the Southern Ocean 
(Xue et al., 2010; Swart and Fyfe, 2012) and the trade winds over the Tropical Pacific have also 
likely increased (Merrifield, 2011). Additionally, Wu et al. (2012) find a possible poleward 
expansion of the Hadley circulation. The changes in the wind pattern are described in further 
details in section 1.3 of Chapter 1. To investigate the contribution of the wind change to the 
multidecadal variability in the ocean interior, we use the 50 years wind speed trends from a 
variety of reanalysis products, and assess their accuracy through the changes they induce in the 
ocean interior. 
4.2 Methods 
The experiments use the Australian Community Climate and Earth System Simulator Ocean 
Model (ACCESS-OM; Bi et al., 2013). The wind is imposed in ACCESS-OM through the CORE 
forcings version 2 (COREv2; Large and Yeager, 2004; 2009). The wind stress on the ocean surface 
is calculated from the wind speed through the OASIS3 coupler (Valcke, 2006). The model used 
was previously described in further details in sections 1.4 of Chapter 1 and 2.1 of Chapter 2. 
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Three wind reanalyses datasets were chosen to produce 50 years wind speed changes: ERA-40 
(Uppala et al., 2005), JRA-55 (Japanese 55-year Reanalysis; Kobayashi et al., 2015) and NOAA-
20CR (National Oceanic and Atmospheric Administration 20th Century Reanalysis; Compo et al., 
2011) (Figure 4.1 panels a to h). We selected these three datasets to span a wide range of possible 
wind changes because of the inconsistencies between the available data reanalyses. The 50 years 
change was calculated per surface grid cell between 1958 and 2003 for ERA-40, between 1958 
and 2014 for JRA-55 and between 1950 and 2008 for NOAA-20CR. The time span was chosen to 
match as closely as possible to the time span and years of the observations from Durack and 
Wijffels (2010) with which we compare our ocean results. We create an additional dataset with 
the mean trend of ERA-40, JRA-55 and NOAA-20CR which we will refer to as Mean Trend. The 50 
years trend of each dataset and the mean trend of the three datasets are used as idealized linear 
changes of the wind pattern in the experiments. Finally, another 50 years wind trend pattern was 
produced from the CMIP5 multi-model ensemble with the wind data from 1950 to 2008 (Table 
4.1). The pattern of 50 years linear trend produced from the CMIP5 multi-model ensemble is 
applied in an independent experiment. The difference in the time span of these experiments can 
induce differences in the long-term trends. It is noteworthy that the time span used to produce 
the 50 years wind changes from the NOAA-20CR reanalysis and CMIP5 multi-model ensemble 
have are identical and match the time span used to produce the Durack and Wijffels (2010) 
temperature and salinity 50 years trend with which we compare the results. The time span used 
to produce the trends with the ERA-40 and JRA-55 reanalyses differs from those, however, their 
patterns of wind changes are qualitatively very similar to that of NOAA-20CR and differ mainly 
quantitatively (Figure 4.1). 
Wind change trends from reanalysis products are based on atmospheric observations and 
numerical model analyses and the CMIP5 wind change trends are derived solely from model 
simulations. However, in contrast to the surface temperature and salinity changes used in this 
and the two earlier chapters, the wind field changes have yet to be more completely attributed 
to human influences from rising greenhouse gases (Bindoff et al., 2013). So in this chapter, the 
level of confidence in the wind field trends as representing a change caused by humans is much 
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lower and reflects a greater uncertainty in the scientific understanding of the causes in the trends 
in the winds. 
In these wind change experiments, we apply the 50 years trend in wind speeds from the datasets 
through a linear change to the COREv2 forcing in ACCESS-OM (Figure 4.1 k and l). The wind forcing 
on the 50 years period is thus composed of the natural variations of wind represented by COREv2 
and the slow 50 year trend of the observed changes. At each timestep, we add the time 
dependent proportion of the total 50 years trend to the COREv2 normal year forcing. ACCESS-
OM uses the wind velocity as a model input and calculates the wind stress. 
For the wind changes experiments (Table 4.2; ∆ERA-40, ∆JRA-55, ∆NOAA-20CR, ∆MeanTrend and 
∆CMIP5), the 50 year trends are applied in the model whilst restoring the surface temperature 
and salinity 6 hourly to a fixed field with an annual seasonal cycle. The experiment ∆MeanTrend 
was run with the mean of the 50 year trends from ERA-40, JRA-55 and NOAA-20CR and fixed 
surface salinity and temperature (Table 4.2). The mean wind trend is also applied together with 
a surface temperature increase of 0.5oC between 55oS and 60oN and a surface salinity pattern 
amplification of 8%to compare the combined effect of changes in all three surface forcings with 
the observations. The surface temperature increase and salinity pattern amplification are 
described in further details in Chapter 2. The surface temperature increase and salinity pattern 
amplification are also applied with a fixed wind field (CORE normal year) to compare with the 
effect of changes in surface temperature and salinity without wind changes. Finally, a control 
experiment was run in which the surface temperature, surface salinity and wind are all fixed to 
subtract the residual drift from the experiments for all results presented. The fixed surface 
temperature and salinity fields used are the surface field in the last year of the spin-up. The 
normal year of COREv2 is used for the fixed wind field. 
The wind datasets used for the experiments contain some differences in the location and 
amplitudes of wind changes. The strongest wind change is in the amplification of the westerly 
winds over the Southern Ocean (Figure 4.1 a, c, e, g, i and m). The main difference in the southern 
hemisphere westerly wind amplification is its latitudinal location. The maximum increase in 
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westerly winds is at 62oS with ERA-40 (Figure 4.1 a and m), around 56oS with JRA-55 (Figure 4.1 c 
and m), 52oS with NOAA-20CR (Figure 4.1 e and m), 56oS with the mean trend (Figure 4.1 g and 
m) and 58oS with CMIP5 (Figure 4.1 i and m). The CORE mean pattern has a zonal average 
maximum strength at 52oS, which mean that the only wind trend pattern that does not have a 
southward migration of the location of the westerly wind is NOAA-20CR. The wind pattern trend 
with ERA-40 have the stronger southward shift of the westerly wind. Some observations suggest 
that the westerlies over the Southern Ocean might have shifted poleward (Fyfe et al., 1999; 
Kushner et al., 2001; Cai et al., 2003; Oke and England, 2004; Fyfe et al., 2007). As a result of the 
difference in location between the datasets, the resulting mean trend dataset has weaker wind 
amplification than all three reanalyses over the Southern Ocean (Figure 4.1 g and m). In the 
northern hemisphere, the westerly winds amplify similarly in all datasets (Figure 4.1 a, c, e, g and 
i). Of the three reanalyses, the zonal average in JRA-55 shows less westerly amplification between 
40oN and 60oN, because of negative trends over the Asian and North American land masses. Over 
the oceans, the wind speed increases similarly across the reanalyses, but significantly less with 
the CMIP5 multi-model ensemble.  
All datasets but CMIP5 have increased trade winds over the Atlantic and South Indian Ocean 
(Figure 4.1 a, c, e and g between 40oS and 40oN). The increased trade winds over the Atlantic are 
stronger in ERA-40 and weaker in NOAA-20CR. Over the South Indian Ocean, the increase is 
stronger in JRA-55 and weaker in ERA-40. Over the North Indian Ocean, the mean winds are 
eastwards and are amplified in all datasets. Over the low latitudes Pacific, the wind changes are 
not consistent in the different datasets, except CMIP5. In ERA-40, the trade winds over the Pacific 
are overall weakened, except in the low latitudes on the western side of the Pacific. In JRA-55 the 
trade winds are overall increased over the Pacific, except over the equatorial eastern Pacific 
where they weaken. In NOAA-20CR, over the Pacific, the trade winds are overall weakened, 
except over the equatorial western Pacific and the South Pacific around 25oS on the western and 
eastern sides where the trade wind amplifies. The mean trend dataset has the trade winds 
amplified over the western side of the Pacific and weakened over the eastern side of the Pacific 
with the exception of near zero changes over the eastern Pacific around 25oS. In CMIP5, all the 
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trade winds are slightly weakened, by less than 0.2 m/s. The eastward wind over the North Indian 
is also weakened in CMIP5.  
The meridional wind trends of the ERA-40 dataset have the overall strongest changes (Figure 
4.1b). Over the Southern Ocean, only NOAA-20CR has increased northward wind south of 60oS 
(Figure 4.1f). Over the Antarctic Circumpolar Current (ACC), the mean meridional wind is 
southward and under 2 m/s (Figure 4.1l). There are regional differences in the reanalysis datasets 
wind trends with both weakening and strengthening of the southward winds (Figure 4.1 b, d, f 
and h). However, with CMIP5 the southward winds are mainly strengthened (Figure 4.1 j). ERA-
40 and JRA-55 show weakened southward wind in the Southern Ocean over the Pacific and Indian 
sectors. Only NOAA-20CR almost exclusively intensifies the southward wind. The mean trend 
mainly strengthens the southward wind over the Southern Ocean, except for a weakening over 
the south Indian Ocean. 
Over the Atlantic, Pacific and Indian Oceans, the northward winds in the southern hemispheres 
and subpolar northern hemisphere are amplified in all datasets, except for the eastern South 
Pacific and equatorial Pacific with ERA-40 and equatorial eastern Pacific in Mean Trend (Figure 
4.1 b, d, f, h, j and l). The southward winds over the eastern North Pacific and North Atlantic are 
slightly strengthened in all datasets as well, except in NOAA-20CR where the eastern North Pacific 
southward winds are weaker and in CMIP5 where there is no clear long term change (Figure 4.1 
b, d, f, h, j and l). 
In general, in the datasets, the winds are strengthened except for the trade winds over the Pacific. 
The wind trends in CMIP5 are generally much weaker than in the data reanalyses. The trends in 
trade winds speed over the Pacific are not consistent in the datasets with some geographically 
different strengthening and weakening. The only consistent differences over the low-latitudes 
Pacific are the amplified western equatorial and South Pacific trade winds and weakened eastern 
equatorial Pacific trade winds. In the Southern Ocean, the latitude of the mean westerly wind 
amplification varies between 50oS and over 60oS. In summary, there are qualitative similarities 
between the long-term wind changes in the three wind reanalyses, but there are quantitative 
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differences, even with the difference in time span used to create the 50 years trends, and the 
wind changes in CMIP5 are smaller in amplitude and qualitatively different than in the reanalyses. 
4.3 Results 
Changes in the model input of atmospheric wind speed are transmitted to the ocean through 
wind stress, which impacts on the penetration of temperature and salinity in the ocean interior 
and on the ocean circulation. Just like the wind speed, the wind stress is overall intensified in all 
datasets (Figure 4.2). Most differences between the datasets are in the zonal wind stress of the 
low latitudes Pacific and in the location of the changes in the zonal wind stress in the Southern 
Ocean (Figure 4.2 a, c, e, g, i and m). However, the wind stress changes pattern in CMIP5 is 
different than in the reanalyses and the intensity of the trends are much smaller. The wind stress 
in the Southern Ocean is also strengthened by an average of about 0.007 N/m2 more in ∆NOAA-
20CR than in ∆ERA-40 and ∆JRA-55 (Figure 4.2m). The experiment with Mean Trend has an 
average of 0.004 N/m2 less than in ∆ERA-40 and ∆JRA-55 because of the differences in the 
meridional location of the main strengthening (Figure 4.2m). In CMIP5, the wind stress over the 
Southern Ocean is increased on average by 0.01 N/m2 less than the reanalysis Mean Trend. The 
differences in wind stress between the experiments reflect their differences in wind speed 
previously discussed. 
Outside of the Southern Ocean and equatorial oceans, the changes in the wind stress curl has a 
bigger influence on the oceans dynamics and drives Ekman pumping. The wind stress curl over 
the ocean has mainly increased in the Southern Hemisphere and subpolar North Hemisphere of 
the wind reanalyses and mainly decreased in the North Indian and the subtropical North Pacific 
(Figure 4.3 a, b, c, d and f). However, ∆ERA-40 has decreased wind stress curl in the South Pacific 
at mid-latitudes (Figure 4.3a). As for the wind speed and wind stress, the pattern of changes in 
∆CMIP5 is distinctly different than in the reanalyses (Figure 4.3e). The ∆CMIP5 wind stress curl 
has not significantly changed in the low and mid-latitudes, but decreased off the east coast of 
Russia in the North Pacific and increased at the northern end of the ACC in the Southern 
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Hemisphere (Figure 4.3e). The strongest changes in the wind stress curl are in the Southern 
Hemisphere mid and high latitudes, where there is strong Ekman pumping at the junction of the 
ACC and the Southern Hemisphere gyres (Figure 4.3g). 
4.3.1 Changes in temperature in the ocean interior 
There are significant differences in the patterns of temperature changes between each 
experiment (Figure 4.4 and Figure 4.5). In particular, ∆CMIP5 has a pattern of temperature 
change that differs from the temperature trend induced by the wind reanalyses dataset 
experiments. The oceans are cooled under the ventilated gyres in ∆CMIP5 whilst the other 
experiments induce a combination of warming and cooling areas in the low latitudes (Figure 4.4). 
Subsurface cooling regions in the equatorial Pacific and Indian Ocean are consistent in the wind 
reanalyses changes experiments, and is consistent with the observations (Figure 4.4 f, g, h, i, k, l, 
m, n and Figure 4.5 h and l). However, in ∆NOAA-20CR the subsurface cooling in the Indian Ocean 
is virtually non-existent. All wind reanalyses experiments create warming below 1000 m in each 
ocean basin (Figure 4.5 and Figure 4.5 d, i and n). This deeper warming combined with the 
warming in the ∆T∆S experiment overestimates the observed warming at these depths (Figure 
4.5 a, b, f, g, k and l). When the warming induced by the ∆T∆S experiment is added to the ∆CMIP5 
temperature change, the warming is still overestimated, but it is closer to the observed field. 
4.3.1.1 ZONAL TEMPERATURE CHANGES 
In the Atlantic Ocean, consistent features in the different reanalyses wind experiments include 
warming in the subtropical North Atlantic and around 45oN (Figure 4.4 a, b, c and d and Figure 
4.5d). The warming around 45oN produced in ∆T∆S∆Mean is improving the comparison with the 
pattern in the observations compared with ∆T∆S (Figure 4.5 a, b and e). This suggests that the 
increased wind in the subpolar North Atlantic is at least qualitatively realistic. However, the 
warming in the subtropical North Atlantic is not consistent with the observations (Figure 4.4 a, b, 
c and d). The observed temperature trend is close to 1oC change in the top 100 m and less than 
0.5oC warming under 200 m (Figure 4.4a). The wind reanalyses have warming reaching above 
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0.5oC around 300 m, it is particularly pronounced in ∆NOAA-20CR (Figure 4.4 b, c, d and Figure 
4.5d). The ∆CMIP5 experiment induces 0.2oC warming at around 200 m and cooling elsewhere, 
which when combined with ∆T∆S still overestimates the warming with ~0.5oC, but is more 
realistic than the >1oC warming induced in ∆T∆S∆Mean (Figure 4.4d and Figure 4.5 b, c). 
In the equatorial Atlantic, there is warming in the western Atlantic and cooling in the eastern 
Atlantic in all wind change experiments except ∆NOAA-20CR and ∆CMIP5 (Figure 4.6). This is 
consistent with increased trade winds in ∆ERA-40, ∆JRA-55 and ∆MeanTrend and minimal wind 
changes in ∆NOAA-20CR and ∆CMIP5 (Figure 4.6 f, h, j, l and n). The increased trade winds lead 
to increased accumulation of the surface heat on the western side and upwelling on the eastern 
side of the Atlantic. When the surface warming and salinity pattern amplification are included, in 
∆T∆S∆Mean, a generalized subsurface warming reduces significantly the zonal difference 
induced in ∆MeanTrend (Figure 4.6c). Similarly, in the observations there is a pattern of western 
warming and eastern cooling, although significantly reduced compared to the wind stress 
experiment alone (Figure 4.6a). Our experiment ∆T∆S∆Mean has too much warming and so it is 
difficult to say if the ∆MeanTrend trade winds increase is realistic. However, from the zonal 
pattern in the observations, it is likely that the trade winds over the Atlantic did increase to a 
certain degree. 
In the subpolar South Pacific Ocean, there is an observed cooling to the north of the ACC, 
between ~45oS and ~15oS that is consistent across the wind experiments, but extending at lesser 
depths and restricted to higher latitudes (Figure 4.3 e, f, g h and Figure 4.4 e, f, g). That cooling is 
consistent with the increased Ekman pumping due to the strengthened westerlies over the 
Southern Ocean in all wind datasets. The increased exchange between the Southern Ocean and 
the south of the other oceans means an increase in cold water carried northward and warm water 
southward (Oke and England, 2004; Meredith and Hogg, 2006; Alory et al., 2007; Hogg et al., 
2007; Abernathey et al., 2011). When the increased westerlies are added to surface changes in 
temperature and salinity, this cooling feature is reduced by the warming induced by the other 
forcings (Figure 4.5 g, h and j). The observations have a cooling pattern of similar amplitude than 
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in ∆T∆S∆Mean, although it extends further north (Figure 4.5e). This cooling north of the ACC is 
also observed in the Indian Ocean and is reproduced to a lesser extent in all the experiments but 
∆ERA-40 (Figure 4.4 k, l, m, n, o and Figure 4.5n). In ∆T∆S∆Mean this cooling is countered by the 
warming induced in ∆T∆S. In the sum ∆T∆S+∆CMIP5, only the deeper end of the cooling is still 
present. These cooling patterns are further explored in the regional pattern subsection 4.2.1.2. 
In the equatorial Pacific Ocean, the observed cooling reproduced in the wind data reanalyses 
experiments is consistent with increased upwelling on the eastern side and downwelling on the 
western side due to increased trade winds on the western side (Figure 4.6 a, g, i, k and m). With 
∆CMIP5, there is mainly cooling induced with no zonal dichotomy, which is consistent with the 
quasi-absence of trend in the trade winds over the Pacific (Figure 4.6 n and o). In the wind 
reanalysis experiments, the increased trade winds over the western Pacific lead to increased 
subduction of heat in the subtropical regions (Figure 4.4 g, h and i and Figure 4.5i). It also leads 
to increased upwelling towards the eastern Pacific (Figure 4.6 g, I, k and m). The effect of 
increased trade winds on the ocean dynamics in the equatorial region has been described by 
England et al. (2014) for changes in the wind field over the Pacific in the past two decades. This 
effect is consistent with the observed equatorial cooling (Figure 4.4f and Figure 4.6a). Although 
in the subtropical Pacific, the heat subducted in the wind experiment is much greater than 
observed, especially in ∆ERA-40 and ∆JRA-55 (Figure 4.4 g and h), suggesting that the lesser 
strengthening of the equatorial wind over the Pacific in ∆NOAA-20CR might be more realistic 
(Figure 4.1e). 
The subsurface cooling in the Pacific is transferred to the Indian Ocean through the Indonesian 
Throughflow (ITF) (Figure 4.6). In ∆NOAA-20CR and ∆CMIP5, the Indian Ocean does not cool to 
the same extent as in the other wind reanalyses experiments as they do not show this cooling 
through the ITF (Figure 4.6 m and o). Additionally, ∆NOAA-20CR has the strongest warming 
throughout the water column east of the ITF, which transfer to the Indian Ocean (Figure 4.6m). 
The combined experiment ∆T∆S∆Mean also warms throughout the water column near the ITF 
due to the combined effect of the surface warming and salinity pattern amplification (Figure 
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4.6c). In the observations, the western Pacific cools through to the ITF and transmits the cooling 
to the Indian Ocean (Figure 4.6a) similarly to the connection induced in ∆ERA-40, ∆JRA-55 and 
∆MeanTrend. This cooling in the Indian Ocean from the ITF is visible in the zonal temperature 
average of the Indian Ocean (Figure 4.4 k, l, m and Figure 4.5 k, l and n). In ∆T∆S∆Mean, as 
previously mentioned, the warming induced by ∆T∆S almost fully counters the cooling from 
∆MeanTrend (Figure 4.5 k, l, n and o). This suggests that either the warming in ∆T∆S is 
overestimated or that the cooling in ∆MeanTrend is underestimated. 
Schwarzkopf and Böning (2011) pointed out that the equatorial subsurface cooling in the Indian 
Ocean is attributed to a combination of the effect of wind changes over both the Pacific Ocean 
and Indian Ocean. They noted that the western side of the Indian Ocean is more influenced by 
the changes in the wind field over the Indian Ocean. Between 5oS and 5oN, the mean wind is 
positive, so a positive trend in Figure 4.6 means a wind strengthening. The two experiments with 
the stronger wind increase over the Indian Ocean, ∆ERA-40 and ∆JRA-55, also have the strongest 
cooling throughout the water column (Figure 4.6 h, i, j and k). Likewise, ∆NOAA-20CR, which has 
the smallest wind increase, has the least cooling (Figure 4.6 l and m). The only experiment with a 
small weakening of the wind over the equatorial Indian Ocean is ∆CMIP5, which induces warming 
of the western equatorial Indian Ocean (Figure 4.6 n and o). In ∆T∆S∆Mean, the cooling in the 
equatorial Indian Ocean from the ∆MeanTrend wind change is countered by warming from the 
surface warming and salinity pattern amplification and reduces the extent of the cooling. 
4.3.1.2 REGIONAL TEMPERATURE CHANGES 
The temperature changes at 100 m in the wind experiments are most pronounced in the 
equatorial oceans (Figure 4.7 b, c, d, e and Figure 4.8d). The equatorial Atlantic Ocean has cooled 
on the eastern side and warmed on the western side in all wind experiments except ∆CMIP5 
(Figure 4.7 b, c, d, e and Figure 4.8d). In ∆NOAA-20CR this change pattern is less prominent and 
is also the wind reanalyses experiment with the smallest increase in the trade winds over the 
equatorial Atlantic (Figure 4.1 e, i and Figure 4.2 e, i). This warming (cooling) pattern is driven by 
the strengthened trade winds which enhance the western downwelling (eastern upwelling). 
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There is a similar cooling effect of the enhanced upwelling in the eastern Pacific consistent 
between the wind experiments, even slightly visible in ∆CMIP5 (Figure 4.7 b, c, d, e and Figure 
4.8d). This effect in the Pacific and Atlantic Oceans was described previously (Figure 4.6). In 
∆CMIP5, the Trade winds are weakened over the equatorial Pacific which reduces the eastern 
upwelling from the equatorial overturning. The observed temperature changes at 100 m have 
equatorial western warming and eastern cooling in the Atlantic and Pacific Ocean that is similar 
to that induced in the wind reanalyses experiments. This result gives confidence that the wind 
reanalyses dataset used have realistic increases in the trade winds over the Pacific and Atlantic 
Oceans, particularly in ERA-40 and JRA-55, and that the equatorial wind changes in CMIP5 are 
unrealistic. 
In the North Indian Ocean, there is cooling on the western side and warming on the eastern side 
in the wind reanalyses experiments which is inconsistent with the observed temperature changes 
(Figure 4.7 a, b, c, d and Figure 4.8 d). The strengthened eastward wind in these experiments 
induce this zonal gradient (Figure 4.1 a, c, e, g and Figure 4.2 a, c, e, g). However, the temperature 
change in the North Indian Ocean is of opposite signs with ∆CMIP5, which does correspond to 
the observed trends (Figure 4.7 a and e). Each wind reanalyses, no matter the time range used 
to produce the wind trend, have a strengthening of the eastward wind over the North Indian 
Ocean. This shows that the differences between the time range used to produce the wind change 
pattern is not the cause of this inaccuracy. Also, the year range used with NOAA-20CR is an exact 
match to the range used to produce the observations and it also induce an unrealistic pattern. 
This suggests that the multidecadal eastward wind stress trend over the equatorial Indian Ocean 
might have decreased rather than increased as it is in the ∆CMIP5 experiment (Figure 4.1i and 
Figure 4.2i). 
Outside of the equatorial oceans, the temperature changes are not consistent between the wind 
experiments at 100 m. The equatorial temperature changes significantly improve the regional 
pattern in ∆T∆S∆Mean from ∆T∆S (Figure 4.8 b and e) in the Pacific and Atlantic Oceans. In the 
Indian Ocean, the temperature changes in ∆T∆S∆Mean are comparable to the observations in 
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amplitude, but are the opposite signs on each side of the Indian Ocean. Although ∆CMIP5 does 
have the right signs of temperature change in the Indian Ocean, the amplitude is not sufficient 
to reproduce the observed pattern when added to ∆T∆S (Figure 4.8 a, c and e). This suggest the 
weakening of the eastward wind over the equatorial Indian Ocean in ∆CMIP5 is likely 
underestimated (Figure 4.1i and Figure 4.2i). 
At 300 m, the wind reanalyses experiments produce significant temperature changes at all 
latitudes and smaller changes in ∆CMIP5 (Figure 4.7 g, h, i, j and Figure 4.8i). However, there are 
few coherent patterns repeated in all the wind change experiments. Changes in temperature vary 
significantly in sign, amplitude and extent across the wind experiments, notably in the North 
Pacific and Atlantic Oceans. These are signs of the changes in wind stress curl in the wind data 
reanalyses experiments which drives the Sverdrup transport and thus increases Ekman pumping 
(Figure 4.3 a, b, c and d). In ∆CMIP5, the wind stress curl in the tropics does not change by more 
than ±0.1x107 N/m2, which results in little changes in temperature under the subtropical gyres 
(Figure 4.3e). These smaller changes in wind stress curl are reflected in the little changes in 
temperature at 300 m under the subtropical gyres (Figure 4.7j). 
Consistent temperature changes between the wind reanalyses experiments at 300 m include 
warming of the Southern Ocean of smaller amplitude and extent than observed (Figure 4.7 f, g, 
h, i and Figure 4.8i). The wind change in ∆ERA-40 is the only dataset that has a southward shift 
of the westerlies over the Southern Ocean (Figure 4.1 a, m and Figure 4.2 a, m). The temperature 
changes produced in the Southern Ocean with ∆ERA-40 is also the smallest of the wind reanalyses 
experiments (Figure 4.7g). The strongest westerlies strengthening without shift is in ∆NOAA-20CR 
(Figure 4.1 e, m and Figure 4.2 a, m) which also has the strongest Southern Ocean warming, 
especially in the Southern Indian Ocean (Figure 4.7i). The stronger warming in ∆NOAA-20CR is 
closer to the observed warming. However, ∆T∆S also significantly warm the Southern Ocean and 
contribute to produce a total temperature change that is significantly more than observed (Figure 
4.8 g and j). The ∆CMIP5 experiment induces a small cooling that approaches zero in the Southern 
Ocean (Figure 4.7j). The westerlies were also strengthened over the Southern Ocean in ∆CMIP5, 
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but by nearly half the amplitude than in the wind reanalyses experiments (Figure 4.1m and Figure 
4.2m). This suggest that a linear strengthening of the westerlies over the Southern Ocean by a 
zonal average of ~0.7 m/s over a period of 50 years does not induce the increase in eddy transport 
that result in a noticeable warming in the Southern Ocean interior. Because the total warming 
with ∆T∆S∆Mean is overestimated, it is hard to reach any conclusion as to which wind change is 
more realistic over the Southern Ocean, especially that the warming induced in ∆T∆S alone is 
already overestimated. 
The Southern Pacific significantly cools around 45oS in all wind change experiments (Figure 4.7 g, 
h, i, j and Figure 4.8i). In ∆T∆S∆Mean, this cooling pattern compares with the observations, 
although it is further south than observed (Figure 4.8 f and g). At the location of the observed 
cooling, all of the experiments induce a warming, which adds to the ∆T∆S warming to produce 
unrealistic changes in temperature that reaches higher than 1oC. The cooling in ∆CMIP5 is lesser 
than in the other experiments and when added to ∆T∆S almost fully disappear and does not 
compare with the observations (Figure 4.7i and Figure 4.8h). However, ∆CMIP5 has lesser 
warming north of the mid-latitudes cooling, which is more realistic. 
The western equatorial Pacific cools at 300 m in the wind change experiments, except for 
∆CMIP5, which is consistent with the increased circulation driven by the strengthened trade 
winds as previously mentioned (Figure 4.7 g, h, i, j and Figure 4.8i). The observations show mostly 
increased temperature in the western equatorial Pacific with cooling on the western coastlines 
and around 10oS (Figure 4.7f). This asymmetry around the equator is also seen in the wind 
reanalyses experiments, which have less cooling north of the equator and is more realistic in 
∆MeanTrend (Figure 4.7i). In ∆T∆S∆Mean, the warming from ∆T∆S combined with the 
asymmetrical cooling of ∆MeanTrend produces a pattern that is more realistic than in ∆T∆S or 
∆MeanTrend alone, except for the western cooling along the coastlines (Figure 4.8 f, g, i and j). 
At 300 m depth the Indian Ocean cools with ∆ERA-40 and ∆JRA-55, warms with ∆NOAA-20CR and 
shows little change in ∆CMIP5 (Figure 4.7 g, h, i and j). The cooling in ∆ERA-40 and ∆JRA-55 was 
described earlier as due to differences of the western Pacific temperature changes being 
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transferred through the ITF. The ITF is cooler in ∆ERA-40 and ∆JRA-55 whilst warmer in ∆NOAA-
20CR and near constant in ∆CMIP5. The cooling in the western equatorial Pacific is further south 
in ∆NOAA-20CR than the Pacific opening on the ITF, which explains this difference (Figure 4.7i). 
In ∆MeanTrend, the Indian Ocean cools, although not enough to compensate for the ∆T∆S 
warming in ∆T∆S∆Mean and neither is the small cooling induced in ∆CMIP5 when added to ∆T∆S 
(Figure 4.8 g, h, i and j). The observations show near zero change in temperature in the Indian 
Ocean (Figure 4.8f). This could possibly be produced with a wind experiment that cools the Indian 
Ocean more than ∆MeanTrend such as ∆ERA-40 or ∆JRA-55. 
There are changes in temperature at 500 m of amplitude greater than observed in the wind 
reanalyses experiment and smaller amplitude in ∆CMIP5. The temperature change at 500 m 
varies greatly among the wind experiments, especially in the Northern Hemisphere (Figure 4.7 k, 
l, m, o and Figure 4.8n). The Atlantic mainly cools in ∆ERA-40 and ∆CMIP5 whilst it warms in ∆JRA-
55 and ∆NOAA-20CR. The North Pacific cools in ∆NOAA-20CR and ∆CMIP5 whilst it warms in 
∆ERA-40 and ∆JRA-55. The equatorial eastern Pacific warms in ∆NOAA-20CR and ∆ERA-40 and 
does not significantly change in ∆JRA-55 and ∆CMIP5. Also, the temperature trend is of different 
sign in the Indian Ocean in ∆NOAA-20CR than in ∆ERA-40. ∆JRA-55 and ∆CMIP5 like at the 
shallower depths. In the mid-latitude South Indian Ocean, ∆ERA-40 warms while ∆JRA-55, 
∆NOAA-20CR and ∆CMIP5 cools. The wind experiments create temperature change at 500 m that 
are not consistent in most of the oceans and there are not two experiments that agree on the 
overall pattern of change. With the mean wind trend, in ∆MeanTrend, the temperature trends 
are more constant regionally, at smaller amplitude and more realistic (Figure 4.8n). 
However, there are some agreements between the experiments in the Southern Ocean and mid-
latitudes South Pacific. The observed Southern Ocean at this depth mostly warms, except for 
slight cooling south of Africa and New Zealand (Figure 4.7k). The temperature change pattern at 
500 m in ∆T∆S is comparable to the observed pattern but with stronger warming (Figure 4.8o). 
In ∆MeanTrend, the temperature is mainly warming, and when added in ∆T∆S∆Mean, the 
Southern Ocean at 500 m warms more than observed (Figure 4.8 k, l and o). In ∆CMIP5, the 
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Southern Ocean slightly cools at 500 m, however, it still produces overestimated temperature 
change when added to ∆T∆S (Figure 4.7o and Figure 4.8 k, m). Durack et al. (2014) show that 
there is a likely bias low in the observed temperature change in the Southern Ocean. It is thus 
hard to determine if the amplitude of temperature change in the Southern Ocean is realistic, but 
the pattern of change is consistent with the observations (Figure 4.8 k, l and m). 
In the mid-latitude South Pacific at 500 m, there is strong cooling in all the wind experiments 
around 30oS, which is consistent in amplitude with the observations (Figure 4.7 k, l, m, n and o). 
Although, this cooling is much more restrained to lower latitudes in the experiments. This is the 
deeper end of the cooling previously discussed at 300 m and in the zonal integration (Figure 4.4 
f, g, h, i, j and Figure 4.5 f, g, h, i, j). These cooling patterns are consistent in their regional location 
and vertical extent with an increase in Ekman transport from the Southern Ocean due to the 
strengthened westerly wind (Oke and England, 2004; Hogg et al., 2007; Abernathey et al., 2011). 
At 500 m, the sum of ∆CMIP5 with ∆T∆S is closer to the observed pattern of temperature change 
than with ∆T∆S∆Mean. This is mainly due to the overestimation of the warming at this depth in 
the combination of ∆MeanTrend and ∆T∆S whilst ∆CMIP5 counters part of the warming induced 
in ∆T∆S. 
The wind reanalyses experiments produce strong regional temperature change throughout the 
water column which varies greatly between each experiment. It shows how sensitive the 
temperature field in the ocean interior is to the differences across the wind data reanalyses. The 
wind reanalyses experiments have similar temperature changes in the shallower equatorial 
Pacific, shallower equatorial Indian Ocean, mid-latitudes South Pacific and in the Southern Ocean. 
With the CMIP5 multi-model ensemble wind change the temperature change in the ocean 
interior are significantly smaller and mainly negative. In the ∆CMIP5 experiment, the observed 
temperature changes in the equatorial oceans are not reproduced. In the mid-latitudes ∆CMIP5 
induce more realistic changes in temperature whilst at low latitudes the wind reanalyses induce 
more realistic temperature changes. In the Southern Ocean, when the temperature change is 
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combined to the warming induced in ∆T∆S, the warming is overestimated with all wind 
experiments, but have similar pattern than in the observations. 
4.3.2 Changes in salinity in the ocean interior 
The changes in the surface winds induce subsurface salinity trends that generally do not compare 
with those observed (Figure 4.9 and Figure 4.10). The salinity changes induced by the wind trend 
are particular strong under the subtropical gyres in the Atlantic and Pacific Oceans with the wind 
reanalyses experiments where the salinity increases and freshens by ~0.05 to 0.15 PSS-78 (Figure 
4.9 b, c, d, g, h, i and Figure 4.10 d and i). In the subtropical gyres, the circulation is driven by the 
wind stress curl (Figure 4.3), so these regions are particularly sensitive to small differences in the 
wind field. The pattern of salinity changes in ∆T∆S∆Mean is less realistic than in ∆T∆S (Figure 
4.10). This suggests that multidecadal trends in the wind data reanalyses are not fully accurate in 
the subtropical regions as they produce changes in the water masses that do not correspond with 
the observed changes for the same time span. With ∆CMIP5, the salinity changes are smaller, in 
the range ~0.05 PSS-78 (Figure 4.9 e, j and o). The wind changes with CMIP5 induces freshening 
under the ventilated gyres and increased salinity in the upper 200 m and high latitudes. The 
smaller amplitude of changes is consistent with the very small changes in the wind stress curl in 
∆CMIP5 (Figure 4.3e). When these are added to the salinity changes induces by ∆T∆S, the pattern 
of salinity trends looks closer to the observations (Figure 4.10 c, h and m). 
It is possible that the simplicity of our linearly changed wind experiments induce the unrealistic 
changes in the ocean salinity field. The omission of the higher frequency interannual variability 
in the wind field might induce the strong unrealistic changes in the physical properties of the 
ocean interior. Zhai (2013) points to the important role the wind fluctuations at small timescale 
in the long term change of energy input to the ocean. The changes in salinity induced by our 
idealized experiments suggest that at least the multidecadal trends in the wind field from the 
data reanalyses alone are unrealistic in the salinity changes they induce. 
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4.3.3 Correlations 
Correlation coefficients between the changes in the ocean interior for the top 2000 m induced in 
the model and the observations gives an idea of the accuracy of the results and relative 
contribution to the total pattern of change for each experiment (Table 4.2 and Table 4.3). 
However, the location of the water masses and water mass changes are not necessarily identical 
between the model and reality which restricts the interpretation of these correlation coefficients. 
The correlations between the temperature changes in the wind experiments and the 
observations are very weak in the Atlantic Ocean (Table 4.3). The trends induced by the wind 
change in ∆T∆S∆Mean reduce the correlation with the observed temperature trend in the 
Atlantic compared with the same experiment with fixed winds, ∆T∆S. The pattern correlation 
between the sum of ∆CMIP5+∆T∆S and the observations is improved in the Pacific and Global 
Oceans compared to ∆T∆S alone and is slightly reduced in the Atlantic and Indian Ocean. In the 
Pacific, ∆ERA-40, ∆JRA-55, ∆MeanTrend and ∆CMIP5 correlate better with the observed 
temperature trends then ∆NOAA-20CR, however ∆CMIP5 have near a 0 correlation coefficient in 
the Indian Ocean. ∆ERA-40 and ∆JRA-55 have correlations of 0.23 and 0.32 respectively in the 
Pacific Ocean and 0.42 and 0.59 respectively in the Indian Ocean due mainly to the reproduced 
equatorial cooling. In NOAA-20CR, there is very little cooling in the Indian Ocean and too much 
warming due to the warmer ITF, unlike the observed temperature trend. This leads to the 
negative correlation between ∆NOAA-20CR and the observations in the Indian Ocean. With 
∆CMIP5, the correlation coefficients are close to zero and negative in the Atlantic and Indian 
Ocean, but 0.38 in the Pacific Ocean which is reflected on the correlation coefficient for the 
Global Ocean with 0.35. These correlations are mainly due to the accurately reproduced 
increased Ekman pumping driven cooling in the South Pacific as previously discussed and the 
smaller temperature changes under 500 m as compared with the other wind experiments (Figure 
4.4j). 
In contrast to the correlations for the Atlantic, in the Pacific, Indian and Global Oceans, the wind 
changes added to the surface temperature and salinity changes in ∆T∆S∆Mean improves the 
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correlation with the observed temperature pattern compared to ∆T∆S alone. The comparison is 
mostly improved in the Indian Ocean, where the observed cooling regions are partly reproduced 
in the zonal averages when the wind change ∆Mean is added to the ∆T∆S forcings in ∆T∆S∆Mean. 
All of the wind reanalyses experiments correlate in each ocean with ∆T∆S∆Mean, except for the 
Indian Ocean with ∆NOAA-20CR. This correlation indicate the relative contribution of the 
temperature changes induced by each wind reanalysis forcing to the total pattern of change in 
the model with all forcings together.  Their strong correlation is indicative of the strong 
temperature changes induced by the wind stress trends in these experiments compared to the 
changes induced by the surface salinity and temperature changes. This correlation shows that 
the amplitude of the temperature changes induced by the wind stress alone is significant in the 
total pattern of changes induced by changes in all three surface conditions. 
The salinity changes from the wind experiments show little correlation to the observed trends 
(Table 4.4). The wind experiments anti-correlate or is near zero almost everywhere. One 
exception is the salinity changes induced by ∆CMIP5 in the Indian Ocean that has a correlation 
coefficient of 0.44 with the observations. It is the only wind experiment that reproduces the 
observed increased salinity in the North Indian upper 500 m, increased salinity in the upper 300 
m around 30oS along with cooling across most of the Indian Ocean under 500 m (Figure 4.9o). 
However, the pattern is roughly similar to the observed, the amplitude of changes and variations 
of amplitude is very small. 
The wind change experiments do correlate with the experiment that combines all surface 
forcings, ∆T∆S∆Mean. This is an indication that the amplitude of salinity changes produced in the 
wind reanalyses experiments compares with the total salinity changes induced by the changes in 
the surface temperature and salinity fields. However, even though the salinity changes induced 
in the ∆MeanTrend compares in amplitude to those produced in ∆T∆S alone, they differ from the 
observations. In each ocean, the ∆T∆S∆Mean experiment reduces the correlation to the 
observations compared to the same experiment with fixed winds, ∆T∆S. It is indicative of the 
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inaccuracy of these wind reanalyses in the subtropics and/or a too sensitive reaction of the model 
to these wind changes in the subtropics.  
By opposition, the salinity changes induced by ∆CMIP5 improves the total pattern of salinity 
change from ∆T∆S in the Atlantic and Indian Oceans as shown by the correlation coefficients 
between the sum ∆T∆S+∆CMIP5. The salinity changes induced by ∆CMIP5 are overall less than 
0.05 in amplitude in each ocean, but have a realistic pattern in the Indian Ocean which 
complements the salinity pattern induced by ∆T∆S. In the Atlantic Ocean, the pattern of salinity 
changes in itself does not correlate with the observations with a correlation coefficient of 0.02. 
However, it complements partly to the pattern induced in ∆T∆S by reducing the increased salinity 
under 300 m in the low latitudes and reduce the reduced salinity in the subpolar North Atlantic 
and improving the correlation by a small margin (Figure 4.9e and Figure 4.10 c and e).  
The inaccurate salinity changes in the wind reanalyses experiments mostly occur due to the wind 
stress curl changes in the subtropics and ∆CMIP5 has significantly smaller wind stress curl 
changes in these latitudes (Figure 4.3). Because ∆CMIP5 has more realistic pattern of salinity 
changes, it does indicate that the changes in the wind stress curl in these wind reanalyses are 
over estimated. 
4.3.4 Linearity 
The wind changes imposed in the model act linearly with the increased surface temperature and 
salinity pattern amplification in their induced changes in temperature and salinity within the scale 
of our experiments (Figure 4.11). The main small differences between the changes in the 
temperature and salinity in ∆T∆S∆Mean, and the sum of the changes in ∆T∆S and ∆MeanTrend 
are in the high latitude Atlantic (Figure 4.11 b and d). These regions have strong variability and 
are highly non-linear, yet only small differences are seen in the 50 years trends. Even though the 
changes in the wind pattern produced strong temperature and salinity trends in the ocean 
interior, which are highly sensitive to small variations in the wind pattern imposed, these are still 
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very linear in response to the changes induced by our idealized variations in the surface 
properties. 
4.4 Discussion 
The 50 years trend of three different wind data reanalyses applied individually in idealized 
experiments produce pronounced and highly variable temperature and salinity changes. The 
patterns of change in the wind data reanalyses are overall similar, although they differ regionally 
in the strength of the trends. These differences are enough to induce trends in temperature and 
salinity of opposite signs with strong regional differences that are unrealistic outside of the 
equatorial region. The 50 years linear wind trend from the CMIP5 multi-model ensemble is of an 
order of magnitude weaker than the wind data reanalyses, except for the westerlies over the 
Southern Ocean that is about half the strengthening seen in the reanalyses. These weaker wind 
change induce change in salinity and temperature that are more realistic in the tropics and 
subtropics, but less realistic in the equatorial area. 
The wind reanalysis experiments are in agreement for some temperature changes in the 
equatorial oceans shallower than 300 m, the mid-latitudes South Pacific and in the Southern 
Ocean. In the equatorial Pacific and Atlantic, the strengthened trade winds increase the 
downwelling on the western side of the ocean and upwelling on the eastern side. The changes in 
temperature due to this effect compares well with the observed changes. In the equatorial Indian 
Ocean, there is a combination of effects from the changes in wind over the Pacific connecting 
through the ITF and the local change in winds, as previously suggested by Schwarzkopf and 
Böning (2011). The changed wind over the Pacific induces a subsurface cooling through the ITF 
which propagates into the Indian Ocean. However, the wind trend from the NOAA-20CR data 
reanalysis does induce a warming of the ITF and thus a warming Indian Ocean, which is opposite 
to the observed temperature trends.  
In the North Indian Ocean, the wind experiments produce a western cooling and eastern 
warming, which is opposite to that observed. In CMIP5, the eastward wind has weakened, which 
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induces a more realistic western warming and eastern cooling, although at significantly smaller 
amplitude than observed. This suggests that the weakened eastward wind over the North Indian 
Ocean in CMIP5 might be more accurate, although the trend might be too small to reproduce the 
full cooling pattern observed. 
In the Southern Ocean, the changes in temperature due to the strengthened westerlies are 
mainly deeper than 100 m. The largest warming is produced with the NOAA-20CR data trend. It 
is also the only data that does not have a southward shift of the westerlies. The pattern of 
temperature change in the Southern Ocean does compare well with the observed temperature 
changes. The Southern Ocean warming and cooling in the southern Pacific and Indian Oceans is 
consistent with increase Ekman transport due to the strengthened westerlies (Oke and England, 
2004; Meredith and Hogg, 2006; Hogg et al., 2007). However, when added to the surface 
temperature increase and surface salinity pattern amplification, the warming exceeds that 
observed. The westerlies over the Southern Ocean in CMIP5 has increased by at ~0.25 m/s less 
than the trend produced as the mean of all three reanalyses, which has the lesser strengthening 
of the westerlies within the wind reanalyses experiments. With this wind change, the Southern 
Ocean has not warmed. This suggests that wind driven warming in the Southern Ocean requires 
a minimum wind speed increase of the westerlies that is at least greater than 0.7 m/s at its zonal 
average maximum before eddy diffusion warms the Southern Ocean over this period of 50 years. 
However, the warming induced solely by surface warming and salinity pattern amplification is 
greater than in the observations, so even when the temperature change induced by the CMIP5 
wind trend is added, the total warming is overestimated. It is hard to say which of the 
temperature change in the Southern Ocean is more realistic within our experiments since it has 
been shown that the observed temperature changes are likely underestimated (Durack et al., 
2014). 
These wind data reanalysis experiments also induce salinity changes in the ocean interior that 
reach values greater than 0.2 PSS-78 on global zonal average. These changes on the pattern of 
salinity are not in agreement between the experiments. Furthermore, the changes in salinity they 
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produce do not compare with the observations. However, the wind change in CMIP5 induces 
trends in salinity that are no greater than 0.02 PSS-78 on global zonal average, the pattern 
produced in the Atlantic and Indian Ocean are complementary to the subsurface salinity changes 
due to changes in the surface temperature and salinity fields. When added together, the salinity 
pattern induced by the CMIP5 wind trend slightly improves the comparison with the observed 
subsurface salinity trends. However, when the surface wind data reanalyses trends are added to 
the surface temperature increase and salinity pattern amplification, the pattern of salinity 
changes compares less well with the observations than with fixed winds. 
In the model, the changes in the surface wind pattern act linearly with changes in the 
temperature and salinity of the ocean interior with the effect of surface temperature and salinity 
changes. There are small non-linear interactions, mainly in the higher latitudes of the Atlantic 
Ocean. Since the temperature and salinity changes induced by the changes in wind pattern are 
inaccurate, it might be different with a better representation of the wind trends. However, it is 
still noteworthy to mention that in the complex interaction between the changes in momentum 
induced by the wind changes and the change in the density structure induced by variations in the 
surface temperature and salinity, the model renders patterns that are linearly additive in their 
combined effect. 
Changes in salinity and temperature in the ocean interior are very sensitive to the imposed 
changes in the wind pattern in the tropical gyres. The ocean circulation in the tropics is driven by 
the wind stress curl and is thus more sensitive to small variations in the wind field. Small 
variations between the wind reanalyses produce strong differences in the pattern of temperature 
and salinity changes in the ocean interior. The changing wind pattern has a stronger effect on the 
subsurface temperature field than it has on the salinity field. However, the subsurface changes 
in temperature and salinity in the tropics and subtropics compare poorly with the observed 
changes. This suggests that either the wind data reanalyses or the model’s response to them is 
inaccurate. The changes in wind stress curl in CMIP5 are of much smaller amplitude within the 
tropics and subtropics, which renders more accurate temperature and salinity changes in the 
Chapter 4 – Oceans temperature and salinity response to 50 years changes in wind pattern 
 
 
 
 
Page 129 
 
  
ocean interior in these regions. Although, these changes are possibly too small to provide an 
accurate simulation of the temperature and salinity trends in the interior when added to the 
changes induced by variations in the surface temperature and salinity. 
The unrealistic changes in the temperature and salinity fields outside of the equatorial oceans 
and Southern Ocean with the wind data reanalyses might be due to the idealized nature of our 
experiments. The linearly imposed multidecadal wind trends, without the higher frequency 
changes, might impact on the results in the regions more sensitive to small differences in the 
wind stress curl. Changes in the intra-annual structure of the wind pattern or decadal variability 
might be of importance in setting the wind-driven changes in temperature and salinity outside of 
the equator and Southern Ocean as suggested by Zhai (2013). However, our results also suggest 
that the equatorial changes in temperature and possibly the wind-induced warming of the 
Southern Ocean are driven by the multi-decadal changes in the wind field as they are in the three 
wind data reanalyses. 
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Tables 
 
Table 4.1. List of models used for the CMIP5 multi-model ensembles wind pattern experiment. 
Modelling Centre (or Group) Institute ID Model Name 
Commonwealth Scientific and Industrial Research 
Organization (CSIRO) and Bureau of Meteorology (BOM), 
Australia 
CSIRO-BOM ACCESS1.0 
ACCESS1.3 
College of Global Change and Earth System Science, 
Beijing Normal University 
GCESS BNU-ESM 
Canadian Centre for Climate Modelling and Analysis CCCMA CanESM2 
Centre National de Recherches Météorologiques / 
Centre Européen de Recherche et Formation Avancée en 
Calcul Scientifique 
CNRM-CERFACS CNRM-CM5 
Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland Climate 
Change Centre of Excellence 
CSIRO-QCCCE CSIRO-Mk3.6.0 
NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-CM3 
GFDL-ESM2G 
GFDL-ESM2M 
NASA Goddard Institute for Space Studies NASA GISS GISS-E2-H 
GISS-E2-R 
Met Office Hadley Centre (additional HadGEM2-ES 
realizations contributed by Instituto Nacional de 
Pesquisas Espaciais) 
MOHC 
(additional 
realizations by 
INPE) 
HadGEM2-CC 
HadGEM2-ES 
Institut Pierre-Simon Laplace IPSL IPSL-CM5A-LR 
IPSL-CM5A-MR 
IPSL-CM5B-LR 
Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The 
University of Tokyo), and National Institute for 
Environmental Studies 
MIROC MIROC-ESM 
MIROC-ESM-
CHEM 
Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for Marine-
Earth Science and Technology 
MIROC MIROC5 
Meteorological Research Institute MRI MRI-CGCM3 
Norwegian Climate Centre NCC NorESM1-M 
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Table 4.2. List of experiment nomenclature and corresponding imposed ocean surface 
conditions. 
Experiment Wind trend dataset Temperature 
change (oC) 
Salinity Pattern 
amplification (%) 
∆ERA-40 ERA-40 0 0 
∆JRA-55 JRA-55 0 0 
∆NOAA-20CR NOAA-20CR 0 0 
∆MeanTrend (ERA-40+JRA-55+NOAA-20CR)/3 0 0 
∆T∆S∆Mean (ERA-40+JRA-55+NOAA-20CR)/3 0.5 8 
∆T∆S None 0.5 8 
Control None 0 0 
  
Chapter 4 – Oceans temperature and salinity response to 50 years changes in wind pattern 
 
 
 
 
Page 138 
 
  
Table 4.3. Correlation coefficients for the zonal temperature changes per ocean basin. 
Experiment Ocean basin Observations ∆T∆S∆Mean 
∆ERA-40 Atlantic 0.003 0.54 
Pacific 0.23 0.68 
Indian 0.42 0.63 
Global 0.24 0.54 
∆JRA-55 Atlantic 0.03 0.62 
Pacific 0.32 0.72 
Indian 0.59 0.64 
Global 0.32 0.52 
∆NOAA-20CR Atlantic 0.06 0.54 
Pacific 0.14 0.45 
Indian -0.34 -0.03 
Global 0.002 0.40 
∆MeanTrend Atlantic 0.03 0.67 
Pacific 0.30 0.77 
Indian 0.48 0.67 
Global 0.28 0.59 
∆CMIP5 Atlantic -0.14 - 
Pacific 0.38 - 
Indian -0.007 - 
Global 0.35 - 
∆T∆S∆Mean Atlantic 0.44 - 
Pacific 0.47 - 
Indian 0.58 - 
Global 0.65 - 
∆T∆S+∆CMIP5 Atlantic 0.60 - 
Pacific 0.42 - 
Indian 0.14 - 
Global 0.62 - 
∆T∆S Atlantic 0.59 0.86 
Pacific 0.32 0.50 
Indian 0.15 0.43 
Global 0.51 0.61 
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Table 4.4. Correlation coefficients for the zonal salinity changes per ocean basin. 
Experiment Ocean basin Observations ∆T∆S∆Mean 
∆ERA-40 Atlantic -0.14 0.33 
Pacific 0.03 0.53 
Indian -0.18 0.11 
Global -0.03 0.40 
∆JRA-55 Atlantic -0.15 0.39 
Pacific -0.02 0.44 
Indian -0.22 0.12 
Global 0.01 0.28 
∆NOAA-20CR Atlantic -0.04 0.59 
Pacific -0.11 0.22 
Indian -0.08 0.52 
Global -0.07 0.28 
∆MeanTrend Atlantic -0.13 0.51 
Pacific 0.001 0.53 
Indian -0.25 0.39 
Global 0.007 0.42 
∆CMIP5 Atlantic 0.02 - 
Pacific -0.14 - 
Indian 0.44 - 
Global -0.01 - 
∆T∆S∆Mean Atlantic 0.51 - 
Pacific 0.43 - 
Indian 0.23 - 
Global 0.60 - 
∆T∆S+∆CMIP5 Atlantic 0.68 - 
Pacific 0.50 - 
Indian 0.48 - 
Global 0.70 - 
∆T∆S Atlantic 0.64 0.95 
Pacific 0.50 0.89 
Indian 0.39 0.86 
Global 0.67 0.93 
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Figures 
 
Figure 4.1. Zonal wind change (a,c,e,g,i) and meridional wind change at 10 m (b,d,f,h,j) imposed at the surface (m/s per 50 years) 
for each dataset used in the experiments. Panels k and l shows the mean COREv2 wind (zonal velocity: panel k and meridional 
velocity: panel l). The year range used to produce the 50 years linear trends are ERA-40: 1958-2003; JRA-55: 1958-2014; NOAA-
20CR: 1950-2008 and CMIP5: 1950-2008. The black contours are the mean field every 2 m/s. Panel m shows the zonally averaged 
wind speed change (m/s per 50 years) for each dataset used in the experiments.
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Figure 4.2. Zonal wind stress change (a,c,e,g,i) and meridional wind stress change (b,d,f,h,j) at the surface (N/m2 per 50 years) for 
each wind experiment. Panels k and l shows the annual mean COREv2 wind stress (zonal wind stress: panel k and meridional wind 
stress: panel l). The black contours are the mean field every 0.05 N/m2. Panel m shows the zonally averaged wind stress change 
(N/m2 per 50 years) for each wind experiment. 
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Figure 4.3. Wind stress curl change (a,b,c,d,e) at the surface (107 N/m2 per 50 years) for each wind experiment (upper colourbar). 
Panel f shows the annual mean COREv2 wind stress curl (lower colourbar). The black contours are the mean field at 0 N/m2. Panel 
g shows the zonally averaged wind stress curl change (107 N/m2 per 50 years) for each wind experiment. 
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Figure 4.4. Comparison of the zonally averaged potential temperature changes (oC per 50 years) in the Atlantic (a,b,c,d,e) Pacific 
(f,g,h,i,j) and Indian (k,l,m,n,o) Oceans for each wind dataset experiment. The columns correspond from left to right to the 
observations, ∆ERA-40, ∆JRA-55, ∆NOAA-20CR and ∆CMIP5. The white contours are the temperature trend every 0.5oC. The black 
contours are the mean temperature every 8oC (thick lines) and 4oC (thin lines). 
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Figure 4.5. Comparison of the zonally averaged potential temperature changes (oC per 50 years) in the Atlantic (a,b,c,d,e) Pacific 
(f,g,h,I,j) and Indian (k,l,m,n,o) Oceans. The columns correspond from left to right to the observation, the ∆T∆S∆Mean experiment, 
the sum of ∆CMIP5 and ∆T∆S, the ∆MeanTrend experiment and the ∆T∆S experiment. The white contours are the temperature 
trend every 0.5oC. The black contours are the mean temperature every 8oC (thick lines) and 4oC (thin lines).  
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Figure 4.6. Comparison of the meridionally averaged potential temperature changes (oC per 50 years) between 5oS and 5oN along 
longitude for the observations (a) and the wind experiments (c, e, g, I, k, m and o) The white contours are the temperature trend 
every 0.5oC. The black contours are the mean temperature every 6oC (thick lines) and 2oC (thin lines). Above the temperature change 
of each experiment are the corresponding mean zonal wind stress changes (N/m2 per 50 years) (b, d, f, h, j, l and n). 
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Figure 4.7. Temperature changes (oC per 50 years) at 100m (a,b,c,d,e), 300 m (f,g,h,i,j) and 500 m (k,l,m,n,o). The columns 
correspond from left to right to the observations, ΔERA-40, ΔJRA-55, ΔNOAA-20CR and ΔCMIP5. The black contours are the mean 
temperature every 8oC (thick lines) and 4oC (thin lines). 
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Figure 4.8. Temperature changes (oC per 50 years) at 100m (a,b,c,d,e), 300 m (f,g,h,i,j) and 500 m (k,l,m,n,o). The columns 
correspond from left to right to the observations, ΔTΔSΔMean, the sum of ΔTΔS and ΔCMIP5, ΔMeanTrend and ΔTΔS. The black 
contours are the mean temperature every 8oC (thick lines) and 4oC (thin lines).  
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Figure 4.9. Comparison of the zonally averaged salinity changes (PSS-78 per 50 years) in the Atlantic (a,b,c,d,e) Pacific (f,g,h,i,j) and 
Indian (k,l,m,n,o) Oceans. The columns correspond from left to right to the observations, ∆ERA-40, ∆JRA-55, ∆NOAA-20CR and 
∆CMIP5. The white contours are the salinity trend every 0.1 PSS-78. The black contours are the mean salinity every 0.5 PSS-78 (thick 
lines) and 0.25 PSS-78 (thin lines). 
Chapter 4 – Oceans temperature and salinity response to 50 years changes in wind pattern 
 
 
 
 
Page 149 
 
  
 
Figure 4.10. Comparison of the zonally averaged salinity changes (PSS-78 per 50 years) in the Atlantic (a,b,c,d,e) Pacific (f,g,h,i,j) and 
Indian (k,l,m,n,o) Oceans. The columns correspond from left to right to the observations, the ∆T∆S∆Mean experiment, the sum of 
∆T∆S and ∆CMIP5, the ∆MeanTrend experiment and the ∆T∆S experiment. The white contours are the salinity trend every 0.1 PSS-
78. The black contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). 
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Figure 4.11. Zonally averaged temperature and salinity changes (oC and PSS-78 per 50 years) in the Atlantic (a,b,c,d) Pacific (e,f,g,h) 
and Indian (i,j,k,l) Oceans. The first and third columns are the sum of changes in ∆T∆S and ∆MeanTrend and the second and fourth 
columns are the changes in ∆T∆S∆Mean minus the sum of changes in ∆T∆S and ∆MeanTrend. The white contours are the 
temperature trend every 0.5oC and salinity trend every 0.1 PSS-78 for the temperature and salinity plots respectively. The black 
contours in the temperature plots (first and second columns) are the mean temperature every 8oC (thick lines) and every 4oC (thin 
lines). The black contours in the salinity plots (third and fourth columns) are the mean salinity every 0.5 PSS-78 (thick lines) and 
0.25 PSS-78 (thin lines). 
  
 
Page 151 
 
  
 
 
 
Chapter 5 : 
 
Conclusion 
 
Chapter 5 - Conclusion 
 
 
Page 152 
 
  
Our results demonstrate that simple experiments with idealized linearly enhanced surface 
forcing can reproduce the main observed features of changes in temperature and salinity in the 
ocean interior. An exception is the effect of the linear wind trends on the ocean temperature 
outside of the equatorial oceans and Southern Ocean (Section 4.3.1). A combination of surface 
warming, and surface salinity pattern amplification are needed to reproduce the observed 
salinity changes on density surfaces in the ocean interior (Section 2.3.2). Both changes in surface 
temperature and salinity contribute equally to changes in ocean heat content (Section 3.3.4). The 
ocean warming is overestimated in our idealized experiments by almost double that observed, 
however, once an estimated correction on the observations is applied (Durack et al., 2014) our 
experiments overestimate the warming by a factor of 1.5. This overestimate hints at an excessive 
heat diffusivity in our ocean model (Chapter 3). Additionally, the wind-driven pattern of cooling 
in the equatorial region of the ocean interior is necessary to reproduce the pattern of 
temperature change in the ocean interior. 
5.1 Linearity 
The surface temperature, salinity and momentum changes act quasi-linearly together in their 
effect on the temperature and salinity field in the ocean interior (Figures 2.6, 3.10 and 4.11). For 
the rates of perturbation over the past 50 years, the changes they cause in the ocean interior can 
be added independently to reproduce the pattern of changes induced by their combined effect 
in this model. This suggests that regardless of the turbulent and sensitive response of the ocean 
to each of these forcings, the current rates of change can be assessed as linearly additive. The 
impact on the properties in the ocean interior from each of these surface forcing can be taken 
independently in simple experiments and evaluate individually with the range of multi-decadal 
changes of our experiments. However, as global climate change continues to alter the forcings at 
the ocean surface, the range in which these act linearly might be exceeded. In particular, as the 
rate of change increases, non-linear processes in the ocean system might take more importance. 
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5.2 Salinity 
The salinity changes on pressure surfaces in the ocean are led by the surface salinity pattern 
amplification. An amplification of the surface salinity pattern by 8% reproduces the observed 
pattern of salinity changes in the ocean interior with similar amplitude to observations (Figure 
2.5). However, on isopycnals, a combination of the effect of the subducted surface salinity 
changes and isopycnal migration induced by surface warming is necessary to reproduce observed 
subsurface salinity changes (Figure 2.7). These results give a pathway to infer the surface forcing 
based on the interior changes. Earlier work (Bindoff and McDougall, 1994; 2000) using a 
kinematic approach to infer the surface changes from changes in the ocean interior showed that, 
in the case of the salinity minimum, could be explained by surface freshening alone. However, in 
these results both surface warming and surface salinity changes is required to explain salinity 
changes in the interior. This result is a significant change in the earlier conceptualisation of the 
inferred changes in the ocean. The isopycnal migration and the surface salinity pattern 
amplification contribute equally to the pattern of salinity changes in density space. The largest 
salinity changes on isopycnals induced by the surface warming are in regions of high salinity 
gradient. As the isopycnals move across the mean salinity field, the regions of high horizontal 
gradient are where this displacement causes the strongest apparent salinity change. We can 
extend this conclusion to passive tracers as the effect of isopycnal migration would have similar 
consequences when assessing their changes in density space in the ocean interior. Therefore, the 
effect of isopycnal migration due to ocean warming has to be taken into consideration when 
interpreting changes of a passive tracer on density surfaces. 
Changes in surface wind also produce strong changes in the mid-latitudes salinity field of the 
ocean interior, although these are unrealistic (Figures 4.9 and 4.10). The wind changes alone 
cannot alter the total salinity balance of the ocean, but rather displace the salinity field regionally. 
The strong salinity changes, especially within the subtropical gyres, indicate that the model is 
very sensitive to long term changes in the surface wind stress. We also find that the multidecadal 
wind trends from the atmospheric reanalyses that we examined are inconsistent with each other 
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on their effect on the subsurface properties and the observed changes in most of the global 
ocean. 
5.3 Temperature 
Changes in surface temperature, salinity and momentum all induce change in ocean interior 
temperature of similar amplitude, but differ in the induced patterns of changes. They are all 
required to reproduce the observed field of temperature changes as the individual effects from 
each surface forcing complements each other. The temperature changes in the top 100 m are led 
by the surface temperature increase through mixed layer processes and shallow subduction. 
Between 100 m and about 1000 m, the temperature changes are due to a combination of the 
effects due to the surface warming, salinity pattern amplification and wind changes. Below 1000 
m, the main changes in temperature are produced by a combination of the changes in surface 
salinity and surface wind stress. The surface warming does not penetrate as much below 1000 m 
through the subduction in the ventilated gyres whilst the surface salinity pattern amplification 
and wind trends induces dynamical changes that leads to temperature changes at depth. 
The surface warming is subducted into the ocean interior in the ventilated gyres. The surface 
salinity pattern amplification also induces warming in the ventilated gyres due to decreased 
upwelling and agrees with previous studies of the impact of the simulated increase of CO2 in 
model simulations (Gregory, 2000; Banks and Gregory, 2006; Kuhlbrodt et al., 2015). The 
subpolar North Pacific below 100 m warms when the surface salinity pattern is amplified due to 
increased heat advection between the subtropical and subpolar gyres. In the case of the Southern 
Ocean and North Atlantic Deep Water (NADW) warming, when the surface salinity pattern is 
amplified, there is increased stratification of the water column and thus reduced convection 
(Dickson et al., 1996; Curry and McCartney, 2001; Häkkinen and Rhines, 2004). In the Southern 
Ocean, stronger westerlies drive an increase in Ekman transport (Oke and England, 2004; 
Meredith and Hogg, 2006; Hogg et al., 2007; Abernathey et al., 2011). This effect causes a 
warming of the Southern Ocean and cooling in the South Indian and South Pacific. NADW cools 
when the surface is warmed and the surface salinity is fixed, which is consistent with 
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observations. This cooling is induced by increased sub-polar convection led by the increased 
surface temperature gradient (Thorpe et al., 2001; Straneo, 2006; Hurrel and Deser, 2010). 
The changes in heat content reflect this combination of the effects of the different forcings on 
regional changes in temperature. Globally, the Southern Ocean accumulates the most heat due 
to the changes in surface salinity and wind. The surface freshening reduces the cooling effect 
from high latitude convection (Marsland and Wolff, 2001), and the strengthened westerlies 
increase the exchange with warmer waters and the penetration of the surface signal into the 
ocean interior through enhanced Ekman pumping (Oke and England, 2004; Meredith and Hogg, 
2006; Hogg et al., 2007; Abernathey et al., 2011). The North Atlantic also accumulates more heat 
than the global average. The presence of deep convection sites in the North Atlantic allow rapid 
warming of the deep water masses with the weakened convection which occurs with the 
freshened surface at high latitudes. 
As the ocean surface temperature keeps rising, it might reach temperatures that are sufficient to 
also impact on the properties in the ocean interior at high latitudes along with the effects due to 
changes in surface salinity. Especially as the effect of multi-year sea ice melting due to warming 
provides an additional source of surface freshwater. Warming at high latitudes could also hinder 
convection along with the freshening and amplify the warming effect thus induced. (Dickson et 
al., 1996). 
5.4 Winds 
In the western (eastern) equatorial Pacific and Atlantic, strengthened trade winds drive an 
increased downwelling (upwelling). The strengthened trade winds induce heaving due to lifting 
and depressing of the isopycnals (Qiu and Chen, 2012; England et al., 2014). This causes warming 
on the western side and cooling on the eastern side of the ocean basins and compares well with 
the observed temperature changes for that time period. 
In the North Indian Ocean, the strengthened eastward wind stress in the reanalysis datasets 
results in warming in the east and cooling in the west. However, the observations exhibit 
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warming on the western side and cooling on the eastern side, which is reproduced through a 
weakening of the eastward wind in the CMIP5 wind. This suggests that the wind data reanalyses 
over the equatorial Indian Ocean are of the wrong sign for this time period and region whilst the 
long term trend in CMIP5 in this region is more accurate (Section 4.3.1.2 and Figure 4.7). It brings 
into question some of the assumptions about the accuracy of the long-term trends in the wind 
reanalyses especially in the equatorial region where internal variability is high. Another possibility 
is that the idealized surface temperature and salinity changes in our experiments are too simple 
and should include regional variations, which might affect the temperature changes in this 
region. 
In the tropics and subtropics, the wind changes from reanalyses induce temperature changes of 
~0.5 to 1 oC and salinity changes of ~0.05 to 0.15 PSS-78 in the upper 2000 m that are not 
consistent across the different forcing datasets and do not compare well with the observed 
patterns of changes. The salinity and temperature changes in the tropics and subtropics are 
smaller with the CMIP5 wind trends, with amplitudes of ~0.5 oC and 0.05 PSS-78 due to its smaller 
surface wind changes. Although small, the patterns of change are more accurately simulated. The 
CMIP5 wind do induces mainly cooling in the upper 2000 m with warming north of the ACC. 
Changes in the salinity pattern include freshening under the ventilated gyre and increased salinity 
in the upper 200 m and high latitudes. The changes in salinity pattern with CMIP5 do improve the 
comparison with the observation from the salinity changes induced from the surface salinity 
pattern amplification and warming. Although, the changes in the ocean interior suggests the 
trends in CMIP5 are more accurate, the equatorial strengthening of the trade wind is missing to 
reproduce the cooling features observed and accurately simulated with the wind data reanalyses. 
The inconsistencies between the changes induced by the wind data reanalyses outside of the 
equatorial region and Southern Ocean and with the observed ocean changes suggest that the 
wind reanalyses likely overestimate the changes in wind speed. The trends in the salinity and 
temperature fields under the subtropical gyres induced by the changes imposed in the wind 
speed at the surface are an indication that the intensified wind stress shifts the circulation in a 
way that isn’t seen in the observations (Sections 4.3.1 and 4.3.2). The wind speed trends drive 
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changes in the wind stress curl over the subtropical gyres that results in unrealistic shifts of the 
Sverdrup transport. This likely points to the great challenge in deducing the long term wind 
changes over the sparsely observed oceans, particularly in the Southern Hemisphere. It also 
indicates that the ocean is sensitive to the small differences in the long term trends between the 
different wind reanalyses. 
5.5 Conclusion 
We were able to reproduce many of the observed changes in temperature and salinity using 
simple experiments, showing that the effects of surface temperature, salinity and wind stress can 
be used to understand the drivers of the changes in physical properties of the ocean interior. In 
our experiments, we show that long-term changes in the ocean interior are driven by the long 
term changes in temperature, salinity and momentum at the surface. The pattern of change in 
temperature in the ocean interior is the result of the subducted surface warming, reduced 
convection, reduced upwelling and changes in advection due to surface salinity pattern 
amplification coincident to an increase in transport due to strengthened trade winds and 
westerlies. The changes in salinity at depth are predominantly a consequence of subducted 
amplification of the surface salinity pattern. When analysed on density surfaces, however, ocean 
temperature change moves the isopycnals, this movement needs to be taken into account within 
the mean salinity field, resulting in a change to the apparent salinity trends (Bindoff and 
McDougall, 1994; 2000; Durack and Wijffels, 2010). The effect of isopycnal migration due to 
temperature change would also impact analyses of changes of other tracers within the ocean and 
should be taken into account in analyses on density surfaces. 
A quantifiable relative contribution from each driver of heat content change in the ocean interior 
is difficult to establish due to the overestimated warming in our experiments. Our result suggests 
excessive heat diffusivity within the model. This issue hinders evaluation of changes within the 
oceans by enhancing the heat update due to the surface warming and salinity pattern 
amplification. Furthermore, the changes in heat content from shifts in the wind pattern are not 
accurately depicted through either forcing from the wind data reanalyses or CMIP5. This limits 
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the evaluation of their contribution to the heat budget within the ocean. However, our 
experiments suggest a cooling effect in the equatorial ocean induced by a strengthening of the 
trade winds. The long-term trend in surface wind speeds is likely a combination of the pattern in 
the wind data reanalyses and CMIP5 long-term trend. Although, because none of our wind 
experiments alone produces patterns of temperature changes that are realistic in the ocean 
interior, it limits the quantification of their role on the total heat budget. The inconsistent and 
unrealistic impacts of changes in the wind pattern points to the need of improving our knowledge 
of the nature of the long-term trends in the surface wind field. For the correlation analyses in 
chapter 4, it is clear that the observed changes in the ocean interior provides more information 
about the changes in surface temperature and salinity than it does for the long-term trends in 
the wind field (Tables 4.3 and 4.4). 
These results provide insight in the drivers of properties changes in the ocean interior. 
Alternately, these results can help understand changes in surface properties such as hydrological 
cycle amplification and changes in surface wind. The changes in temperature and salinity in the 
ocean interior are driven from variability at the ocean surface and thus the later could be derived 
from the variations inside the ocean. Additionally, with improved observations of the ocean 
interior, comparison with these results would become easier as uncertainties due to sparse 
observations will be reduced, especially in the Southern Hemisphere. 
With continuous warming of the atmosphere, the sea surface temperature is expected to keep 
rising and the hydrological cycle to keep amplifying, which will only enhance the effects described 
in this study. As per the scenarios described in the IPCC report (Kirtman et al., 2013; Collins et al., 
2013), these surface trends could be 8 to 12 times stronger for surface warming alone. However, 
as the surface conditions keep on changing, non-linear effects could be enhanced and the 
combined effect from the different forcings might not be additive anymore. Furthermore, in this 
work the high latitudes were kept at constant temperature and as surface warming could play a 
more important role on changes in the high latitudes, especially as it reaches a point where it can 
hinder on convection along with the changes in salinity and melt more sea ice which would 
amplify the role of freshening in the high latitudes. 
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The results from the idealized experiments presented here could be compared to similar 
experiments that would include the regional variations in the ocean surface temperature and 
salinity changes to estimate the role of these spatial variations. Likewise, experiments including 
the non-linear trends within the surface temperature, salinity and winds forcings could be 
compared to the results of these idealized experiments to estimate the impact of the non-linear 
changes of the surface forcings. 
Understanding the drivers of the observed trends in the ocean help evaluate future changes. We 
expect that under continued global warming and an amplified hydrological cycle, these 
experiments help us better understand the processes driving ocean heat uptake and water mass 
transformation in the climate models that provide the predictions of future changes in the ocean. 
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